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6I  |  Abbreviations
°C  degree Celcius
Ac acetyl
AgTFA  silver trifluoroacetate
Ar  argon
atm  atmosphere
ATRP  atom transfer radical 
polymerisation
BCN bicyclononyne
Boc  tert-butyloxycarbonyl
br. (NMR)  broad
BSA bovine serum albumin
BuLi  butyllithium
BVMO Baeyer–Villiger 
monooxygenase
CalB candida antarctica lipase B
calcd calculated
CLSM confocal laser scanning 
microscopy
CPP  cell-penetrating peptide
cryo cryogenic
CuAAC Cu-catalysed azide–alkyne 
cycloaddition
d  day
Da dalton
DIBAC dibenzoazacyclooctyne
DiPEA N,N’-diisopropylethylamine
DLS  dynamic light scattering
DMAP 4-(dimethylamino)pyridine
DMF  N,N-dimethylformamide
DMSO dimethyl sulfoxide 
DNB  dinitrobenzene
DPB  trans,trans-1,4-diphenyl-1,3-
butadiene
DPn degree of polymerisation
EDC N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide 
hydrochloride
EDTA  ethylenediaminetetraacetic 
acid
e.g. exempli gratia (for example)
eq.  equivalents
ESI electron spray ionisation
ESI-ToF ESI time-of-flight
Et ethyl
et al. et alia (and others)
f hydrophilic fraction
FITC  fluorescein isothiocyanate
Fl fluorescein
FT-IR  Fourier transform infrared 
spectroscopy
g gram
G6PDH glucose-6-phosphate 
dehydrogenase
GC gas chromatography
GUV giant unilamellar vesicle
h  hour
HEPES N-2-hydroxyethylpiperazine-
N-2-ethane sulfonic acid 
HRMS  high resolution mass 
spectrometry
Hz  Hertz
IAA  trans-3-indoleacrylic acid
ICPMS inductively coupled plasma-
mass spectrometry
L  liter
λem emmission wavelength
λex excitation wavelength
LRMS low resolution mass 
spectromery
m (NMR)  multiplet
m  metre
M  molar
Mal maleimide
MALDI-ToF  matrix-assisted laser desorp-
tion/ionisation time-of-flight
Me methyl
MeOND methyl-oxanorbornadiene
min  minute
Mn number average molar mass
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Mw molecular weight
Mw weight average molar mass
N2  nitrogen
NADPH β-nicotinamide adenine 
dinucleotide phosphate
NHS N-hydroxysuccinimidyl
NMR  nuclear magnetic resonance
PAA  poly(acrylic acid)
PAMO phenylacetone 
monoogygenase
PBD  polybutadiene
PBS  phosphate buffered saline
PDI polydispersity index
PEG  poly(ethylene glycol)
Ph phenyl
PIAT polyisocyanoalanine-(2-
thiophene-3-yl-ethyl)amide
PMDETA  N,N,N’,N”,N”-pentamethyl-
diethylenetriamine
ppm  parts per milion
PS  polystyrene
PtBA  poly(tert-butyl acrylate)
PyBOP (benzotriazol-1-yloxy)
tripyrrolidinophosphonium 
hexafluorophosphate
q (NMR)  quartet
RBITC rhodamine B isothyocyanate
RF  retention factor
RhodB rhodamine B
rpm  revolutions per minute
rt  room temperature
s (NMR)  singlet, or signal if in 
combination with br.
SEC  size exclusion 
chromatography
SEM scanning electron microscopy
SPAAC strain-promoted azide–alkyne 
cycloaddition
OSu O-succinimidyl
t (NMR)  triplet
tBA  tert-butyl acrylate
TBAF  tetrabutylammoniumfluoride
tBu  tert-butyl
TCEP tris(2-carboxyethyl)phosphine
TEM  transmission electron 
microscopy
TFA  trifluoroacetic acid
Tg  glass transition temperature
THF  tetrahydrofuran
TIPS triisopropylsilane
TLC  thin layer chromatography
Tris trisaminomethane
UV ultraviolet
Vis visible
W weight fraction
wt  weight
Chapter 1   |
8
9Polymersomes are nano- to microme-
tre-sized hollow cavities surrounded by a 
bilayer composed of amphiphilic block co-
polymers. These robust compartments have 
attracted attention from both biologists and 
chemists for the past few decades as result 
of their resemblance to liposomes and cells. 
By studying the behaviour and properties of 
polymersomes, we can get one step closer 
to unravelling the mysteries of processes 
at the (sub)cellular level. In addition, the 
synthetic nature of the polymeric building 
blocks allows extraordinary control over 
properties like size, morphology, surface 
functionality and membrane permeability. 
This makes polymersomes the ideal candi-
dates for a large assortment of applications, 
from delivery vehicle, nanoreactor and bio-
sensor to perhaps in the future the basis of 
the first man-made cell. 
In this chapter, we will discuss all fea-
tures that can be manipulated to prepare 
smart polymersomes, illustrated by early to 
very recent examples from literature.
This chapter was partly published as: K. T. Kim, S. A. Meeuwissen, R. J. M. 
Nolte and J. C. M van Hest, Nanoscale 2010, 2, 844-858
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Nature is one of the greatest sources 
of inspiration to many scientists. In nanosci-
ence, a long-pursued goal is to capture the 
essence of complex biological systems,[1] 
with as ultimate objective a completely 
synthetically made cell that is able to e.g. 
maintain its own metabolism, conduct sig-
nal transduction, store information and 
replicate autonomously.[2] One of the key 
features that has to be mimicked to success-
fully produce artificial cells is compartmen-
talisation. The natural cells that we know can 
only exist because a membrane confines the 
complex machinery to realise a highly reac-
tive yet protected environment.[3] This lipid-
based bilayer is furthermore responsible for 
transport of ions, water and other molecular 
necessities for metabolism, and is crucial to 
replication, recognition and transduction of 
chemical signals. Membrane permeability is 
governed for a large part by the presence 
of structurally positioned channel proteins, 
which are regulated by external stimuli.[4, 5]
The main distinction between prokary-
otic and eukaryotic cells is their intracellular 
organisation; the first-mentioned class lacks 
a nucleus and basically any other mem-
brane-based organelle,[6] while eukaryotes 
also show compartmentalisation on the 
subcellular level.[7] Intracellular compart-
ments further order biological functions to 
achieve higher control over biochemical re-
actions in a sequential manner to maximise 
their precision and efficiency.[8] In addition, 
organelles can facilitate both a protective 
environment for fragile processes as well as 
confinement of exceedingly reactive spe-
cies inside for example lysosomes.
1.1  |  Compartmentalisation in 
nature
Although many scientific break-
throughs are necessary before the creation 
of the first “living” synthetic cell is a fact, a 
concrete foundation is established. Already 
back in 1961, it was discovered that phos-
pholipids form vesicles – a small compart-
ment enclosed by a bilayered membrane 
– in water because of their amphiphilic 
behaviour.[9] The self-assembled structures 
were named liposomes, derived from the 
two Greek words lipo (fat) and soma (body). 
In the next five decades, synthetic routes to 
artificial nano- and micro-compartments 
have been vastly expanded by bottom-
up approaches via self-assembly of simple 
building blocks. From the materials point of 
view, the building blocks span a wide range 
of compounds including small molecules, 
polymers, inorganic materials and biologi-
cal macromolecules, such as proteins and 
nucleic acids.
In this thesis, we will focus on compart-
ments based on polymeric building blocks. 
These so-called polymersomes[10, 11] have re-
cently attracted increased attention due to 
their resemblance to liposomes and cells. 
Compared to lipid vesicles that are com-
posed of low molecular weight phospholip-
ids or surfactants,[12] polymersomes – based 
on high molecular weight amphiphilic block 
copolymers – consist of a bilayer membrane 
exhibiting superior physical and chemical 
stability.[13, 14] This robustness is beneficial 
for many applications such as nanoreactors 
and drug delivery vectors.[15] The first section 
of this chapter covers the basics for success-
ful polymersome construction: polymeric 
building blocks, assembly methods and how 
to gain control over the various obtainable 
morphologies. Next, we will discuss how to 
achieve e.g. permeable polymersomes or 
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specific surface functionalisation through 
smart membrane design. Finally, the exploi-
tation of the vesicular interior is addressed. 
This chapter is not meant to give a compre-
hensive overview of the present literature; it 
is intended to give a deeper understanding 
about the topic of polymersomes.
Polymersomes are nano- to micrometre-
sized compartments enclosed by a bilay-
ered membrane composed of polymers 
with a defined hydrophilic – water-soluble 
– part attached to a hydrophobic – water-
insoluble – segment.[11, 13, 16] In water, these 
AB type polymeric amphiphiles tend to self-
assemble into a bilayer with the hydropho-
bic blocks facing each other as result of mi-
crophase separation.[17, 18] Polymersomes are 
considered as the more robust analogues to 
liposomes, which can be mainly subscribed 
to a difference in molecular weight of the 
building blocks. Lipid vesicles are usually 
comprised of naturally occurring phospho-
lipids with a molecular weight below 1 kDa, 
while polymeric vesicles can be constructed 
of polymers up to 100 kDa. The macromo-
lecular nature of the polymeric building 
blocks results in a critical aggregation con-
centration (CAC) of virtually zero, which 
implicates low dissociation rates and negli-
gible single-chain exchanges thus high sta-
bility over a long period of time.[19] Another 
major advantage of polymers over lipids is 
that a large variety of block copolymers can 
be synthesised nowadays to tune vesicle 
properties such as membrane thickness, 
permeability and fluidity. In addition, the 
chemical structure of block copolymers can 
be easily modified to provide tailor-made 
polymersomes for a wide range of applica-
tions.[20]
In this section, the basics of polymer-
some preparation are covered accompanied 
with an overview of possible block copoly-
mers, self-assembly methods and mecha-
nisms, and characterisation techniques.
1.2.1  |  Block copolymers
Only a small fraction of all practicable am-
phiphilic polymer building blocks self-
assembles in solution into stable polym-
ersomes. When not all restrictions in the 
block copolymer design are met, formation 
of either precipitates or other morpholo-
gies such as micelles, worm-like micelles or 
spheres is predominant. For undiluted (bulk) 
diblock copolymers, the phase behaviour is 
dictated by three factors: the overall length 
of the polymer (degree of polymerisation, 
DPn), the volume fraction of the hydrophilic 
block (f) and the AB segment-segment (Flo-
ry–Huggins) interaction parameter χ.[21] In 
solution, f is usually considered as the most 
important factor that defines the morphol-
ogy of the self-assemblies since an incor-
rect DPn and Flory–Huggins parameter will 
typically lead to precipitation anyway. Ex-
periments showed that for specific types 
of block copolymers with f is 35 ± 10 vol%, 
self-directed assembly mostly yields polym-
ersomes.[14] When the hydrophilic fraction of 
these polymers is relatively large, f > 45 vol%, 
they can be expected to form micelles, and 
inverted microstructures are predicted with 
f < 25 vol% (Figure 1.1). However, this theory 
is merely a “rule of thumb”. The outcome of 
the morphology is also greatly dependent 
on the type of polymeric material, which 
1.2  |  Construction of polymer-
somes
Figure 1.1  |   Schematics of block copolymer frac-
tion f with representative cryogenic transmission 
electron microscopy images depicting vesicles, 
worm-like micelles and spherical micelles.[14]
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characterises the degree of stretching of 
the core-forming block and the interaction 
between the corona-forming segments, 
and the applied conditions during the self-
assembly process.[22] For instance, one of the 
pioneering polymersome systems ensued 
from highly asymmetrical block copolymers 
with f < 10 vol%.[10]
Recent advances in polymer synthesis 
allowed the preparation of an extensive li-
brary of possible block copolymers.[23] For 
the production of well-defined block co-
polymers with various architectures, “living” 
or controlled polymerisation techniques 
are relatively popular.[24] In living polymeri-
sation reactions, the chance of termination 
of the propagating polymer chain has been 
minimised[25] and an AB type polymer can be 
readily constructed by sequential addition 
of monomer A to initiator X and monomer B 
to X-polyA.[26, 27] Living polymerisation reac-
tions can be divided in two classes, depend-
ing on the type of active chain-end; ionic 
or free radical. Among ionic polymerisation 
techniques, anionic polymerisation,[28] cati-
onic polymerisation[29] and ring-opening 
polymerisation[30] are commonly employed 
in block copolymer preparation. Between 
the free radical polymerisation meth-
ods, atom transfer radical polymerisation 
(ATRP),[31] reversible addition fragmentation 
chain transfer (RAFT) polymerisation[32] and 
nitroxide-mediated radical polymerisation 
(NMP)[33] are favoured.
The application of living polymerisa-
tion techniques in the synthesis of block co-
polymers can be disadvantageous when the 
various segments require a different type of 
polymerisation approach. Also, when simi-
lar block lengths are demanded for a set of 
polymers, both reproducibility of exactly 
the same block length as well as the char-
acterisation of the individual blocks can be 
highly complicated. In these cases, a modu-
lar strategy can bring a solution by equip-
ping the end groups of separately polymer-
ised blocks with a functional moiety suited 
for covalent ligation.[34] The most prominent 
modular conjugation methods in the field 
of polymer chemistry are Cu(I)-mediated 
azide-alkyne cycloaddition (CuAAC),[35-38] 
thiol-ene and thiol-yne,[39, 40] (hetero) Diels–
Alder[41, 42] and nitroxide radical coupling re-
actions.[43, 44]
One of the pioneering polymersome 
systems is based on poly(ethylene glycol)-
b-poly(ethyl ethylene) (PEG-b-PEE, note that 
PEG and PEO are the same) block copoly-
mers.[13] Since then, numerous other types 
and combinations of polymer amphiphiles 
have been employed to self-assemble into 
vesicular structures.[15, 45] These block co-
polymers can be categorised in two groups, 
namely purely synthetic polymers and bio-
inspired polymers.
When we look at the current available 
selection of synthetic polymers, PEG is fre-
Figure 1.2  |  The effect of pH on the aggregate 
morphology of block copolymer P2VP-b-PS ex-
plored with a) 4.0 mM, b) 5.0 mM, c) 7.0 mM and 
d) 10 mM NaOH.[54]
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quently selected as hydrophilic block due 
to its non-ionic, stealth-like behaviour and 
proven biocompatibility. When very robust 
polymersomes are required, PEG can be 
coupled to polystyrene (PS). PS has a high 
glass transition temperature (Tg) of ~80-100 
°C and forms a semi-crystalline membrane 
upon self-assembly at room temperature.
[46] Although PEG-b-polybutadiene (PBD) is 
another synthetic non-biodegradable block 
copolymer, it is considered as fully biocom-
patible and thus applicable for bio(medical) 
purposes.[47] The Tg of PBD is well below 
room temperature, so the resulting vesicular 
membrane is relatively flexible and there-
fore resizable in a similar way to liposomes. 
Poly(N-isopropylacrylamide) (PNIPAM) has a 
lower critical solution temperature (LCST), 
and when combined with PEG into PEG-b-
PNIPAM, thermo-responsive polymersomes 
can be formed that dissociate below 32 
°C.[48] Fully biodegradable polymeric vesi-
cles have been constructed from PEG cou-
pled to polyester-based hydrophobic blocks 
such as poly(lactic acid) (PLA) and polycap-
rolactone (PCL), forming PEG-b-PLA[49, 50] 
and PEG-b-PCL[51, 52] respectively. As a final 
example, polymersomes with a PEG-b-
poly(2-vinylpyridine) (P2VP) membrane are 
demonstrated to instantaneously dissoci-
ate at pH 5 or lower as result of protonation 
of the P2VP chain.[53] Due to its amphiprotic 
nature, P2VP has also been deployed as the 
hydrophilic block in P2VP-b-PS.[54] The mor-
phology of P2VP-b-PS based self-assemblies 
could be converted between large com-
pound micelles, spheres, rods and vesicles 
by changing the degree of protonation of 
the P2VP chains - thus the electrostatic re-
pulsion of the corona – via addition of acid 
or base (Figure 1.2). Another well-known 
polyelectrolyte that has been combined 
with hydrophobic segments into diblock 
copolymers is poly(acrylic acid) (PAA). Also 
for PAA-b-PS[10, 16] and PAA-b-PBD,[53] the pH-
dependant morphological phase diagram 
has been mapped out. Poly(2-methacryloy-
loxy-ethyl phosphorylchloride)-b-poly(2-
(diisopropylamino)ethyl methacrylate) 
(PMPC-b-PDPA) is an example of a diblock 
copolymer with two polyionic segments.
[55] The highly biocompatible PMPC-b-PDPA 
vesicles are stable at physiological pH but 
instantaneously dissociate at lower pH as 
result of protonation of the PDPA fraction.
Polymeric assemblies are often referred 
to as important candidates for drug delivery 
vehicles and carriers for in vivo imaging.[15, 
56-57] These applications require at least bio-
compatible, but preferably biodegradable 
polymeric building blocks. A great source of 
inspiration for such polymers can be found 
in nature. Moreover, the use of bio-inspired 
materials enables facile introduction of ge-
neric moieties to mimic biological functions 
and/or influence biological processes.[58] 
Bio-inspired polymers are usually catego-
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rised in amino acid-,[59-60] carbohydrate-[61] 
and nucleotide-containing[62] building 
blocks.
Although polypeptides have predomi-
nately been employed as the hydrophilic, 
water exposed, segment of the block co-
polymer, one of the earliest examples that 
formed polymersomes was based on the 
naturally occurring and hydrophobic pep-
tide gramicidin A.[63] By conjugating grami-
cidin A to PEG, these biohybrid amphiphiles 
formed so-called peptosomes in an aque-
ous environment as result of phase separa-
tion of the hydrophobic peptide. Since the 
development of controlled polymerisation 
of polypeptides by transition metal-cata-
lysed ring-opening polymerisation (ROP) 
of amino acid-derived N-carboxyanhy-
drides,[64] also synthetic polypeptides can be 
deployed in block copolymers. For instance, 
poly(L-glutamate)[65] and poly(L-lysine)
[66] were polymerised from a PBD macro-
initiator and subsequently studied for their 
self-assembly behaviour. Two examples of 
fully peptidic block copolymers are poly(L-
lysine)-b-poly(L-leucine), tricked into self-
assembly by neutralising the naturally 
charged polylysine side chains through cou-
pling of ethylene glycolic acid,[67] and poly(γ-
methylglutamate)-b-poly(N-methylglycine), 
of which the resulting peptosomes showed 
promising prospects for in vivo cancer im-
aging.[68] Amino acids have not only been 
polymerised into linear polypeptides, they 
have also been employed as side chain resi-
dues. An interesting example is represented 
by the alanine-featuring polyisocyanoala-
nine-(2-thiophene-3-yl-ethyl)amide (PIAT)-
b-PS block copolymer.[69] Self-assembly of 
these polymers in presence of an enzyme 
resulted in nanoreactors that are semi-per-
meable, presumably as result of disordered 
packing caused by the helical motif of the 
PIAT segment.[70]
Carbohydrates or polysaccharides are 
interesting materials for the preparation 
of polymeric self-assemblies as result of 
their biocompatibility and biodegradabil-
ity. Moreover, in nature, glyco-containing 
lipids and proteins are essential to e.g. cel-
lular signal transduction, so surface-deco-
ration of polymersomes with saccharides 
immediately adds bioactivity to the system.
[71] Because the preparation of linear block 
copolymers with a polysaccharide fraction 
is not straightforward, the number of re-
search reports about self-assembling gly-
copolymers, compared to polypeptides, is 
limited. To circumvent laborious synthesis, 
polymersomes comprised of block copoly-
mers polymerised from a carbohydrate-
functionalised initiator, like D-mannopyra-
noside-PEG-b-tetra(p-phenylene),[72] can 
bring a solution. Another strategy is glyco-
sylation of the hydrophilic block copolymer 
segment post-polymerisation, which is how 
poly(galactosylated propargylglycine)-b-
poly(γ-benzyl-L-glutamate) (PGG-b-PBLG) 
was fabricated.[73] The PGG-b-PBLG based 
glycosomes displayed surface exposed bio-
active galactose moieties, as was indicated 
by selective lectin binding experiments. 
Immediate incorporation of glucose in the 
side chains was achieved by polymerisa-
tion of monomer 2-{[(D-glucosamin-2N-yl)
carbonyl]-oxy}ethyl methacrylate (HEMAGI).
[74] The resulting block copolymer PHEMAGI-
b-poly(tert-butyl acrylate) (PtBA) was ag-
gregated into glycosomes, which showed 
lectin binding capacity as well.[75] Finally, 
polysaccharides that were exploited in 
vesicle forming block copolymers are hya-
Figure 1.3  |  Overview of hydrophilic and hydrophobic polymers that are commonly utilised in block 
copolymers for the construction of polymersomes.
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Figure 1.4  |  Schematic representation of various membrane conformations composed of diblock and 
triblock copolymers.[57]
of this thesis, we will not focus on this topic 
in detail.
1.2.2  |  Assembly methods
Critical selection of the appropriate self-as-
sembly method is crucial to successful poly-
mersome formation. Over the years, poly-
mer membranes have been constructed 
according to several procedures.[84] Two of 
these methodologies seem to be more gen-
erally employed: the “co-solvent method”[85] 
and the “rehydration method”.[86] In the co-
solvent method, also called solvent switch 
method or nanoprecipitation method, the 
polymers are dissolved in a – typically or-
ganic – solvent with good solubility proper-
ties for both blocks. This polymer solution is 
subsequently diluted with a non-solvent – 
usually water – for one of the blocks by add-
ing the non-solvent to the polymer solution. 
At a certain solvent to non-solvent ratio, ag-
gregates start to appear. Titration usually 
continues either until stable constructs are 
formed or until the desired morphology is 
reached. Finally, residual solvent molecules 
are removed via evaporation or extensive 
dialysis against the non-solvent. Depend-
ing on the type, and in particular the Tg of 
the block copolymer, it is sometimes also al-
lowed to “quench” the dissolved polymers in 
Chapter 1   |
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luronan-b-PBLG,[76] dextran-b-PBLG[77] and 
dextran-b-PS.[78]
Deoxyribonucleic acid (DNA) is the 
classic example of a molecule with self-di-
rected assembly properties, resulting from 
the high recognition characteristics of its 
nucleobases. There are literature examples 
where complementary nucleobases were 
grafted on a polymer, and vesicles already 
materialised upon dissolution in a suitable, 
organic medium.[79-80] In conjunction to this, 
oligonucleotides are known for their unique 
molecular activities in cell-surface receptor 
recognition and gene silencing. Conjuga-
tion of a hydrophobic segment like PBD to 
an oligonucleotide was proven to ensue 
vesicles with a highly biocompatible and 
bioactive surface.[81-82] 
Only AB type polymers were discussed 
in this section since it is strictly speaking the 
only class of copolymers that arranges into 
bilayered polymersome membranes. Self-
assembly into defined membranes is, how-
ever, not merely restricted to linear diblock 
copolymers. There are numerous reports 
available describing the construction of 
stable vesicles from e.g. ABA or ABC triblock 
copolymers,  binary mixtures of AB and BC 
block copolymers (Figure 1.4) and non-line-
ar amphiphilic polymers like dendrimers.[83] 
As this line of research is beyond the scope 
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idly self-assemble into small micelles, which 
evolve relatively slowly into larger struc-
an excess of non-solvent.
A major drawback of the co-solvent 
method is the requisite use of organic sol-
vent, which can cause severe damage to 
biologically active elements present during 
self-assembly. The combination of biomol-
ecules and organic solvent can be avoided 
with the rehydration method, see figure 
1.5.[87] Here, a thin polymer film is cast on a 
surface and subsequently exposed to water 
or buffer to rehydrate and concomitantly ar-
range the polymers into bilayered vesicles. 
This technique is, however, time-demand-
ing, not compatible with certain types of 
block copolymers, and only applicable with 
a small amount of material at the time.
Figure 1.5  |  Representation of polymersome 
assembly via rehydration of a thin polymer film 
cast on a surface.[87]
1.2.3  |  Assembly mechanisms
The structure of a polymersome membrane 
is well-understood, however, the road to-
wards achieving a defined bilayer remains 
obscure. Currently, there are two – rather 
fundamentally dissimilar – proposed mech-
anisms that are both supported by theoreti-
cal and experimental studies. Both mecha-
nisms rely on a two-step process starting 
from homogeneously dissolved amphi-
philic building blocks to establish vesicular 
membranes (Figure 1.6).[20, 88]
In mechanism I, block copolymers rap-
Figure 1.6  |  Schematic representation of poly-
meric vesicle assembly mechanisms a) I and b) II, 
both starting from a molecularly dissolved state. 
The grey and black colours correspond to the 
hydrophilic and hydrophobic fraction, respecti-
vely.[89]
tures, such as cylindrical micelles and open 
disc-like micelles, by collision.[89] Eventu-
ally, the large disc-like micelles slowly close 
up and form vesicles. This mechanism has 
been predicted by particle based computer 
simulations like Brownian dynamics,[90] dis-
sipative particle dynamics[91] and molecular 
dynamics,[92] and by numerical simulations 
based on density functional theory (DFT).[89] 
In the latter study, it was shown that mor-
phological transitions (micelles to cylinders 
to vesicles) can be simulated by changing 
the Flory–Huggins parameter, which cor-
responds to changes in the solvent condi-
tions. Experimental evidence for mecha-
nism I is provided by transmission electron 
microscopy (TEM) analysis of a range of 
transition states obtained by systematically 
adjusting the solvent polarity during self-
assembly of PEG-b-poly(3-(trimethoxysilyl)
propylmethacrylate) (PTMSPMA).[93] For this 
block copolymer, a transformation from 
rod-like micelles to vesicles was observed 
with increasing water content.
The more recent proposed mechanism 
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study with ABA polymer building blocks, 
the hydrophobic B-block length, the B-to-
solvent repulsive interaction and the co-
polymer concentration were imputed as 
important factors that influence the self-
assembly mechanism.[98] It is, nonetheless, 
clear that more research is required in order 
to gain better control over the self-assembly 
of amphiphilic block copolymers for future 
applications.
1.2.4  |  Morphologies
It is generally accepted that the morphology 
of polymer self-assemblies depends on the 
block copolymer composition. Not merely 
the chemical composition of the polymer 
amphiphiles is of importance, the morphol-
ogy of the resulting aggregates also highly 
depends on the block length ratio.[99] This 
was for instance demonstrated with the 
synthesis and subsequent in situ self-assem-
bly of poly(glycerol monomethacrylate)-
b-poly(2-hydroxypropylmethacrylate) 
(PGMA-b-PHPMA).[100] While the RAFT poly-
merisation reaction of HPMA in an aqueous 
environment progressed, spherical micelles, 
worm-like micelles, “jellyfish” and eventually 
vesicles were observed (Figure 1.7).
Environmental conditions such as am-
phiphile concentration, non-solvent con-
centration and nature of the common sol-
vent are other important factors that dictate 
the morphological outcome.[85] Figure 1.8 
depicts the phase diagram of PAA52-b-PS310 
in 1,4-dioxane (dioxane) logarithmically 
plotted against the water content.[101] The 
phase boundaries of the various morpholo-
gies, determined from TEM micrographs, 
show that an increase in water content re-
sulted in the formation of spheres to rods 
II has a similar initial state to mechanism I, 
however, the rapidly formed small micelles 
evolve into large spherical micelles by an 
evaporation-condensation-like process[74] 
instead of coalescence by collision. When 
the micelles reach a critical diameter, the 
amphiphilic polymers start to flip-flop so 
that the micellar core becomes hydrophilic 
and solvent molecules can migrate inside. 
Mechanism II is simulated by the self-con-
sistent field theory[94] and the external po-
tential dynamics method.[95] Although no 
direct experimental evidence for mecha-
nism II has yet been provided, indirect proof 
came from observed loading efficiencies of 
hydrophilic moieties. It was proposed that 
the encapsulation efficiency is dependent 
on the self-assembly mechanism; method 
I involves closure of a membrane which 
allows relatively effective entrapment of 
hydrophilic molecules, while in method II 
there is no encapsulation step involved. In 
correspondence to mechanism II, attempts 
to enclose water-soluble dyes during self-
assembly of PEG-b-poly(N,N-diethylami-
noethylmethacrylate) (PDEAMA) via pH-
switch resulted in remarkably low loading 
efficiencies.[96]
Because both discussed self-assembly 
mechanisms are supported by several in-
dependent theoretical and experimental 
research lines, it is likely that more than one 
pathway is possible, enabled by the type 
of polymer and conditions applied. In fact, 
a recent theoretical study using lattice dy-
namic Monte Carlo simulations indicated 
that spontaneous vesicle formation of am-
phiphilic A1B3 polymers can occur via both 
mechanisms depending on the repulsive 
interaction between solvent and segment 
B.[97] According to another computational 
Figure 1.8  |   Phase diagram of block copolymer 
PAA-b-PS in a mixture of dioxane and water. The 
solid lines indicate the phase boundaries as de-
termined from TEM micrographs.[101]
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Another approach to regulate the mor-
phological outcome is by incorporation of a 
stimuli-responsive segment in the amphi-
philic building block. Pioneering work was 
performed with PAA-b-PS[105] and P4VP-b-PS.
[54] In both examples, a decrease in electro-
static repulsion of the corona chains led to 
the formation of bilayered vesicles instead 
of spherical micelles and rods. Neutralisa-
tion of the charges on P4VP was achieved 
to vesicles. These morphological transitions 
proved to be reversible to some extent by 
reintroduction of dioxane. The influence of 
the type of organic solvent on the morpho-
logical outcome has been demonstrated 
with PAA58-b-PS500;[102]  self-assembly starting 
from N,N-dimethylformamide (DMF) led to 
spherical micelles, while vesicles were ob-
tained when the initial solvent was tetrahy-
drofuran (THF) or dioxane. This phenome-
non was explained by a solvent-dependent 
change in the coil dimensions of the hydro-
phobic chains; PS undergoes a much high-
er degree of swelling in THF and dioxane 
compared to DMF. Morphological changes 
can furthermore be induced by a change in 
temperature. Polymersomes self-assembled 
from PEG-b-PS[103] or PAA-b-PS[104] displayed 
a reversible vesicle-to-micelle transition at 
elevated temperatures, which was mainly 
attributed to a reduction in free energy of 
the corona. Both systems required the pres-
ence of a common solvent, DMF and THF 
respectively, to cause sufficient mobility in 
the PS segment.
Figure 1.7  |  Overview of hydrophilic and hydrophobic polymers that are commonly utilised in block 
copolymers for the construction of polymersomes.
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by tweaking the pH, while the repulsion of 
the PAA segments could be reduced by in-
creasing the ion content with either protons 
(pH) or salts such as CuCl2, CaCl2 and NaCl. 
More recently, pH-triggered morphologi-
cal transformations was achieved with self-
assembled poly(L-lysine)-b-poly(propylene 
oxide)-b-poly(L-lysine) block copolymers.
[106] The authors ascribed their observa-
tions to a secondary structure transition of 
poly(L-lysine) from random coil at pH 3 to 
α-helix at pH 7. Charged random polypep-
tide coils engender much higher interfacial 
curvature than α-helixes, thereby causing 
a rearrangement from spherical micelle-
to-vesicle and spherical micelle-to-disc 
micelle A multistimuli – pH, photo- and ad-
ditive – responsive system was based on 
the aza-containing diblock copolymer PEG-
b-(PDEAMA-co-{6-(4-phenylazophenoxy)
hexyl methacrylate}) (PPHMA).[107] The at pH 
8 spontaneously self-assembled vesicles 
transitioned to micelles when the pH was 
adjusted to 3, or when cyclodextrin (CD) was 
added to the solution (Figure 1.9). Deproto-
nation of the DEAMA moieties as well as 
the host-guest interaction between PHMA 
and cyclodextrin drastically increased the 
hydrophilic fraction f of the total block co-
polymer. A reversible micelle-to-vesicle 
change was induced by alternating UV and 
visible light irradiation of the cyclodextrin 
Figure 1.9  |  Illustration of the multi-stimuli responsive polymersomes aggregated of PEG-b-(PDEAMA-
co-PPHMA).[107]
containing micelle suspension. This treat-
ment caused a trans-to-cis isomerisation of 
the azobenzene moieties, thereby breaking 
the previously established supramolecular 
interaction with cyclodextrin.
All these morphological transforma-
tion are, nonetheless, by far not compara-
ble to the diversity of shapes that can be 
adopted by liposomes[108-111] in response to 
environmental changes in osmotic pres-
sure[112] and temperature.[113] The fluidic 
nature of the phospholipid-based bilayer 
membrane allows generation of exotic 
morphologies such as prolate, dumbbell, 
discocyte, stomatocyte (cup-like) and star-
fish. However, the highly flexible membrane 
of liposomes provides only transient mor-
phologies, which cannot easily be captured. 
Polymersomes, on the other hand, consist 
of much tougher bilayered membranes. 
Polymeric membranes with enough mobil-
ity under ambient conditions are believed 
to being able to undergo shape transforma-
tions like liposomes, but their size regime in 
the nano-scale adds difficulties to the char-
acterisation of any transient morphologies. 
The hypothesis that polymeric vesicles can 
fold into the same range of morphologies 
as liposomes was strengthened by compu-
tational studies on triblock copolymer as-
semblies (Figure 1.10).[114]
One of the few experimental reports 
Figure 1.10  |   Shape transformation pathways of 
membranes composed of triblock copolymers in 
DPD simulations.[114]
Figure 1.11  |   Overview of techniques commonly 
employed to study and characterise polymeric 
vesicular membranes.[118]
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occurred upon lowering the temperature. 
Nonetheless, the small vesicles (100 nm) 
were much less susceptible to transforma-
tion processes than their larger analogues 
(5 µm), presumably in conjunction to a dif-
ference in membrane curvature.
1.2.5  |  Characterisation of polymersomes
The characterisation techniques that are 
available nowadays to study (self-)assem-
blies at the nanoscale can be categorised in 
scattering techniques, microscopy, electro-
physiological measurements and computa-
tional studies (Figure 1.11).[118] In this section, 
scattering techniques and microscopy are 
discussed in more detail.
For aggregates that are suspended in a 
– usually aqueous – solution, dynamic light 
scattering (DLS)[119] and static light scatter-
ing (SLS)[120] are the most frequently applied 
analysis methods. Light scattering tech-
niques are mainly utilised to determine the 
CAC, hydrodynamic radius and size distri-
describing shape transforming polymer-
somes was based on capsules consisting 
of P4VP110-b-PS80.[115] Spherical vesicles were 
prepared via the co-solvent method with di-
chloromethane in 2-propanol to create flex-
ible polymeric bilayers. When the constructs 
were deposited on a TEM grid at elevated 
temperatures, it was observed that the as-
semblies rearranged themselves via dumb-
bells into giant tubular vesicles as upshot 
of coalescence and fusion. In another ex-
ample, PAA-b-PS based polymersomes that 
consist of a rigid, non-flexible membrane 
were transformed into hollow hemispheri-
cal domes.[116] These so-called kippah were 
formed either by freeze-drying a vesicle 
specimen on a TEM grid followed by rehy-
dration or by drying the sample under vac-
uum. Finally, vesicles composed of poly(L-
glutamate)-b-poly(trimethylene carbonate) 
(PTMC) were reported to being able to un-
dergo thermotropic transitions as the PTMC 
core displays a melting endotherm at 34 
°C.[117] Vesicle budding and fission happened 
at temperatures above 34 °C, while fusion 
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mens are rapidly frozen and examined in 
their vitrified, cryogenic state (cryo-TEM 
and cryo-SEM).[125-126] This treatment allows 
analysis of the constructs as they appear in 
solution, however, it is rather labour-inten-
sive and the ice-film in cryo-TEM leads to a 
significant loss in contrast. The third – less 
commonly – employed type of microscopy 
in the characterisation of polymersomes 
is scanning force microscopy,[127] such as 
atomic force microscopy (AFM) and scan-
ning tunneling microscopy (STM). A point 
of concern for all branches of microscopy 
is the relatively small field of view, raising 
the question whether the displayed region 
is representative for the whole sample. It is 
therefore recommendable to combine sev-
eral analysis methods to obtain a reliable 
impression of nano-sized constructs.
The cellular membrane plays a crucial role in 
cell survival. Through selective permeabil-
ity, the bilayer regulates which substances 
are allowed to enter and exit the cell at what 
specific time. To fulfil this role effectively, the 
bution of particles, but can also be applied 
to resolve structural properties of macro-
molecules such as the weight-average mo-
lecular weight. When combining DLS with 
electrophoresis, the zeta potential of parti-
cles can be measured.[121] Hereto, a potential 
is applied over a capillary cell that contains 
the sample of interest, whereupon DLS is 
deployed to determine the electrophoretic 
mobility by probing the velocity of the par-
ticles towards the electrode. Advantages 
of light scattering techniques are fast and 
non-invasive sample analysis, however, it 
is an indirect analysis method that can give 
misleading results due to a significant differ-
ence in scattering capacity between small 
and large particles.
Direct visualisation of polymersomes 
can be achieved with microscopy. The us-
age of optical and fluorescence microscopy 
is, however, merely applicable to polymer-
somes of > 1 µM in diameter as result of the 
diffraction resolution limit. Despite the ef-
fort to narrow down this resolution with rel-
atively novel techniques such as stimulated 
emission depletion (STED) microscopy,[122] 
most polymersome samples still suffer from 
a lack of meaningful contrast. Transmission 
electron microscopy (TEM)[123] and scanning 
electron microscopy (SEM)[124] provide much 
higher resolution down to 0.1 nm, yet ma-
terials with low electron density require ad-
ditional staining and specimens are at risk of 
damage by the high-energy electron beam. 
In addition, samples have to be dried before 
they can be analysed under high vacuum. 
This is especially a disadvantage for bio-
logical specimens, but polymersomes too 
can incur drying artefacts that might be 
misinterpreted. Beam damage and drying 
artefacts can be circumvented when speci-
1.3  |  Design of polymersome 
membrane
cellular membrane has adopted a sophisti-
cated structure. For instance, ions and small 
molecules can passively diffuse through the 
phospholipid bilayer, while the presence of 
larger materials is regulated by transmem-
brane protein channels, endocytosis and 
exocytosis. In our aspiration to extrapolate 
these functions to polymeric membranes, 
there is still a long road ahead of us. That is, 
a side effect of the physically robust poly-
meric bilayers is a drastic decrease in per-
meability, especially when the membrane is 
comprised of high molecular weight block 
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polymersomes that require (time-depend-
ent) release of their cargo in vivo.[51, 56, 129-131] 
Degradation of the hydrophobic block leads 
to changes in the architecture of the block 
copolymer that eventually causes disrup-
tion of the vesicular membrane, sometimes 
via the formation of cylindrical or spheri-
cal micelles.[132] The biodegradable aliphatic 
polyesters PLA and PCL are frequently cou-
pled to PEG to prepare polymersomes that 
should release their contents over time.[129, 
133] As hydrolysis of polyesters is accelerated 
at increased temperatures and decreased 
pH, PEG-b-PBD is sometimes co-assembled 
to tune the rate of membrane degradation.
[132, 134] Another example of vesicle disrup-
tion under physiological conditions is by 
oxidation of the block copolymer. This was 
demonstrated with the highly hydrophobic 
poly(propylene sulphide) (PPS) in PEG-b-
PSS-b-PEG, that converts upon reaction with 
oxygen into the hydrophilic poly(propylene 
sulphoxide).[135]
Several applications require more in-
telligent vesicles that only show a change 
in physical and chemical properties in re-
sponse to external stimuli. These constructs 
can be categorised in pH-, temperature-, 
additive- and light/UV-responsive.[136] The 
class of pH-responsive polymersomes can 
be divided in irreversible and reversible 
disrupable constructs. Irrevocable degra-
dation under the influence of a pH switch 
was shown with for instance block copoly-
mers composed of PEG and the acid labile 
poly(2,4,6-trimethoxybenzylidene-penta/
erythritol carbonate) (PTMBPEC).[137] The ob-
tained polymersomes remained sufficiently 
stable at pH 7.4, but quickly degraded at pH 
4 to 5 as result of hydrolysis. In an alterna-
tive approach, an acid-sensitive hydrazone 
copolymers.[11] This is not only a challenge in 
the creation of polymer-based artificial cells, 
it is also a hurdle that has to be cleared in 
order to use polymersomes for more short-
term applications like drug delivery vectors 
and nanoreactors. Many inventive and suc-
cessful solutions have already been report-
ed in literature to create porosity, either by 
complete disassembly or by the generation 
of pores without affecting the stability of 
the vesicular membrane. 
Other important functions of the cell 
membrane are signal transduction and cell 
adhesion, both predominantly facilitated by 
the highly complex extracellular surface to-
pology. These surface functionalities are not 
always equally distributed over the entire 
membrane, but are sometimes clustered in 
nano- and micrometre-sized domains called 
“rafts”.[5] Polymeric vesicles are excellent 
platforms for the introduction of (multiple) 
surface functionalities, as the synthetic na-
ture of the polymeric building blocks allows 
facile modification. Domain formation can 
subsequently be achieved by mixing dif-
ferent polymers into one bilayer that segre-
gate either spontaneously or by addition of 
a stimulus.
In the following sections, several mem-
brane designs will be discussed to turn 
non-responsive, plastic capsules into ad-
vanced, smart polymersomes for various 
applications.[128] Aspects that will be covered 
are permeabilisation mechanisms, surface 
functionality and pattern formation.
1.3.1  |  Triggered disruption
Amphiphilic polymers that are biodegrad-
able under physiological conditions are at-
tractive building blocks for the creation of 
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ure 1.12).[140] Close to the isoelectric point – 
depending on the DPn of PGA – of the block 
polymer, its two segments become oppo-
sitely charged and electrostatic interactions 
drive the formation of a hydrophobic mem-
brane. As PDMAEMA also exhibits lower crit-
ical solution temperature (LCST) behaviour 
around 40 °C, vesicles could additionally be 
assembled under basic conditions – when 
PDMAEMA is uncharged – at elevated tem-
peratures. When it comes to temperature re-
sponsive polymersomes, thermo-sensitivity 
can either be achieved with LCST exhibiting 
polymers such as the previously described 
PDMAEMA or PNIPAM,[141] or by inducing a 
change in secondary structure of polypep-
tides such as poly(L-lysine).[66] 
Disruption of polymer vesicles can 
furthermore be triggered by additives. 
Polymersomes self-assembled from PEG-
b-poly(styrene boronic acid) (PSBA) com-
linker was introduced in between the two 
non-degradable blocks PEG and PS[138] or 
PEG and PBD.[139] In both cases, the resulting 
vesicles lost their colloidal stability at lower 
pH due to detachment of the PEG corona.
When vesicles with a reversible pH-
responsive disruption are required, zwitter-
ionic polymeric building blocks are a good 
choice. The earlier mentioned zwitterionic 
PMPC-b-PDPA spontaneously forms vesi-
cles in a purely aqueous environment at 
physiological conditions.[55] When the pH is 
decreased below 6, the tertiary amines of 
the PDPA segment become protonated and 
capsules concomitantly fall apart into mo-
lecularly dissolved polymers. The polypep-
tide-based poly(glutamic acid)-b-poly(N,N-
dimethylaminoethyl methacrylate) 
(PGA-b-PDMAEMA) can also reversibly 
switch between a fully dissolved and self-
assembled state as result of pH change (Fig-
Figure 1.12  |  Schematics of the different morphologies from PGA-b-PDMAEMA depending on pH and 
temperature.[140]
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a stable yet (semi-)permeable vesicular 
membrane to hold the encapsulated com-
ponents within the inner compartment, 
while reagents can migrate through the bi-
layer. Such membrane designs can be great-
ly beneficial towards both biological and 
conventional chemical reactions; they pro-
tect the catalytically active specimen from 
harmful environmental effects and concen-
trate the chemical transformation within the 
nanospace. Very small substrates such as O2•- 
can autonomously penetrate the polymer 
bilayer, as was demonstrated for vesicles 
composed of poly(2-methyloxazoline)-b-
poly(dimethylsiloxane)-b-poly(2-methyl-
oxazoline) (PMOXA-b-PDMS-b-PMOXA).[148] 
For larger reagents, permeability can be 
engendered directly during creation of the 
membrane, or by applying a stimulus post-
assembly.
Intrinsically porous polymersomes can 
be the resultant of disorderly packed block 
copolymer membranes. There are, however, 
only a few examples in literature reporting 
on block copolymers that self-assemble into 
innately permeable, yet stable aggregates. 
One of these systems is based on the earlier 
mentioned PIAT-b-PS (section 1.2.1).[69] PIAT-
b-PS based constructs were shown to allow 
diffusion of low molecular weight mole-
pletely disassembled upon increase in pH 
and fructose concentration; the binding of 
fructose to deprotonated PSBA made the 
hydrophobic segment dissolvable in water.
[142] In a comparable study it was shown that 
PEG-b-poly(styreneboroxole) (PBOx) based 
nano-assemblies exhibit monosaccharide-
responsive disassembly without the ne-
cessity of adding a base.[143] An example in 
which polymer membranes were disrupted 
by UV light was based on incorporation of 
a UV-sensitive copolymer with azobenzene-
containing mesogenic moieties (PAzo) in 
the hydrophobic fraction.[144-146] Upon expo-
sure to UV-radiation, the PAzo in vesicles 
composed of PEG-b-PBD/PEG-b-PAzo un-
derwent fast linear-to-coil transformation 
and caused conformational destructions in 
less than a second (Figure 1.13). In a different 
approach, PAA-b-poly(methyl caprolactone) 
amphiphiles with a photo-cleavable O-
nitrobenzyl linker between the hydrophilic 
and hydrophobic segment were employed.
[147] The resulting polymersomes displayed 
disintegration when the hydrophilic corona 
was shed off by UV-radiation.
1.3.2  |  Permeability
Certain polymersome applications demand 
Figure 1.13  |  A segment of the polymeric building blocks is photo-responsive and causes polymersome 
disruption upon illumination with UV light within less than a second.[146]
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ration of transmembrane peptides and 
proteins. A facile chemical methodology 
to effectively tune the wall permeability of 
semi-crystalline PAA-b-PS vesicles was dis-
covered by adding a plasticiser like dioxane 
to the aqueous dispersion.[153] The usually 
well-packed and highly robust membrane 
became increasingly permeable to small 
molecules when the volume fraction of di-
oxane in the vesicle solution was raised. This 
method is, however, not applicable to sys-
tems that involve biologically active species. 
A more elegant synthetic approach towards 
controlled semi-permeable polymersomes 
was realised by embedding the aforemen-
tioned PEG-b-PSBA within inert PEG-b-PS 
aggregates.[142] Upon increase in pH and 
monosaccharide concentration, the phase-
separated PEG-b-PSBA domains became 
soluble, thereby creating pores in the ve-
sicular membrane. The permeability of the 
bilayer could be controlled by adjusting the 
weight fraction of PEG-b-PSBA compared 
to the matrix forming PEG-b-PS. In a some-
what comparable study, the phospholipid 
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) was incorporated in the 
membrane of PEG-b-PBD polymersomes.
[154] The PEG-b-PBD bilayer was cross-linked 
using a chemical initiator, whereupon the 
cules, while the incorporated enzymes were 
retained – and therefore protected from 
the environment – inside the lumen.[149] It 
is hypothesised that the inherent leakiness 
is a result of the helical conformation of the 
hydrophilic PIAT segment and the relatively 
low molecular weight PS block. Polymer-
somes constituted of oppositely charged 
polypeptide diblock copolymers (PICsomes) 
were also proven to be permeable to small 
compounds.[150] A stoichiometric mixture of 
PEGylated polycationic- and PEGylated pol-
yanionic polypeptides in water spontane-
ously self-assembled into membranes that 
lacked tight packing (Figure 1.14). The same 
researchers also reported that the diameter 
of PICsomes can be controlled by assem-
bling PEG-b-(polyanionic polypeptide) with 
non-PEGylated polycationic polypeptides.
[151] In conjunction to this, innate porosity 
was established by co-assembly of bacterial 
membrane proteins with polynucleotide-b-
poly(isobutylene) (PIB) or polynucleotide-
b-PBD diblock copolymers.[152] The proteins 
ended up perforating the polymer bilayer 
and functioned as channels for selective 
transportation in and out of the capsules.
Triggered membrane porosity has thus 
far been achieved via 1) addition of a chemi-
cal stimulus or 2) post-assembly incorpo-
Figure 1.14  |  Oppositely charged block copolymers self-assembling into inherently semi-permeable 
PICsomes.[150]
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swelled up and became permeable instead, 
presumably due to merely partial proton-
ation of the amidine groups. Exposure to 
argon reversed the protonation of the ami-
dine moieties and thereby restored the orig-
inal appearance of the polymersomes.
In a more biomimetic approach, semi-
permeable polymersomes were developed 
by post-assembly implementation of chan-
nel peptides and proteins within the mem-
brane, simply by adding the biomaterials 
to the vesicle dispersion.[118] The presence 
of such peptides and proteins enables, de-
pending on the type of channel, passive or 
active transmembrane diffusion of small 
substrates. Most examples involve polym-
ersomes with a bilayer-like membrane com-
posed of PMOXA-b-PDMS-b-PMOXA, which 
facilitates the insertion of for instance the 
peptides alamenthicin[158] and gramicidin,[159] 
and the membrane proteins OmpF,[160] 
AquaporineZ[161] and FhuA.[162] A major ad-
vantage of triblock copolymer membranes, 
in specific ABC type polymers, is that the 
resulting asymmetric membrane enables 
directional insertion of the proteins.[163] Ex-
amples of diblock copolymer membranes 
being employed as a platform to embed 
channel proteins and peptides are PEG-b-
PEE[164] and PEG-b-PBD.[164, 165]
POPC could be extracted leaving a stable 
but highly porous membrane behind. 
pH-Sensitive, UV cross-linkable block 
copolymers were also successfully explored 
to modulate the permeability of polym-
ersomes.[155, 156] These block copolymers 
consisted of a PEG segment and a statisti-
cal hydrophobic copolymer of pH-respon-
sive PDEAMA and photo cross-linkable 
poly(3,4-(dimethyl)maleicimidoethylmeth-
acrylate) (PDMIEMA) or poly(3,4-(dimethyl)
maleicimidobutylmethacrylate) (PDMIB 
MA). After cross-linking of the bilayer, the 
polymersomes remained stable at lower pH 
despite the physicochemical transition of 
PDEAMA from deprotonated and hydropho-
bic to protonated and hydrophilic. In fact, 
the membrane became swollen and perme-
able to low molecular weight compounds, 
something which could be reversed by in-
creasing the pH again (Figure 1.15). Polymer-
ic vesicles composed of PEG-b-poly(N-amid-
inododecylacrylamide) (PAD) amphiphiles 
displayed comparable “breathing” features 
upon treatment with CO2.[157] Amidine can 
become positively charged after reaction 
with CO2, thus when incorporated in a block 
copolymer this would lead to a transforma-
tion from hydrophobic to hydrophilic. How-
ever, under the influence of CO2, the PEG-b-
PAD based vesicles did not disassemble but 
Figure 1.15  |  UV cross-linking of pH-sensitive polymersomes allows reversible swelling and deswelling of 
the membrane upon alternating pH.[156]
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methodology. For instance, the fluorophore 
rhodamine-5 carbonyl azide was converted 
into an isocyanate-containing derivative 
and subsequently coupled to the hydroxyl 
end group of PEG-b-PBD.[167] In the same 
study, PCL-SH was conjugated to rhodamine 
maleimide and the carboxylic side groups of 
PAA-b-PBD were reacted with cascade blue 
ethylenediamine using carbodiimide chem-
istry. The three polymers were co-assembled 
into giant polymersomes and studied by 
fluorescence microscopy. Following a simi-
lar strategy, the fluorophore coumarin was 
exposed on the surface of vesicles by func-
tionalisation of the carboxylic end group of 
PEG-b-PBD.[168] 7-Amino-4-(trifluoromethyl) 
coumarin was coupled to the polymer via 
N-hydroxysuccinimidyl (NHS)-ester medi-
ated amidation and subsequently used to 
probe different surface interactions that are 
governed by specific bilayer compositions. 
Polymersomes have furthermore been 
decorated with the radiolabel 111In to signal 
their biodistribution in vivo.[169] Hereto, the 
isothiocyanate derivative of diethylenetri-
aminepentaacetic acid (DTPA) was conju-
gated to amino end-functional PEG-b-PBD. 
After polymersome formation, 111InCl3 was 
added to label the DPTA chelating moieties 
that were surface-exposed (Figure 1.16).
To accomplish active uptake of polymer 
vesicles by cells, the membrane surface can 
be embellished with cell-penetrating pep-
tides (CPPs). This type of peptides is usually 
polycationic by nature and interacts with 
the cell membrane to induce uptake of the 
CPP including the attached cargo. Following 
a pre-self-assembly strategy, the CPP “Tat 
peptide” was coupled to PEG-b-PS by strain-
promoted azide–alkyne cycloaddition,[170] 
and to succinimidyl carbonate-functional-
1.3.3  |  Surface functionalisation
Owing to the synthetic nature of polymer-
somes, their building blocks can be tailored 
to provide functional vesicles for a wide 
range of applications.[166] The surface of pol-
ymeric shells can be functionalised in two 
ways: 1) conjugation of the functional moi-
ety to the water-soluble (end-)group of the 
polymer amphiphiles prior to self-assem-
bly, or 2) post-self-assembly ligation of the 
functionality through a chemical handle on 
the vesicles’ periphery. Both methods have 
their own advantages and disadvantages. 
Although (co-)assembly of pre-functional-
ised polymers ensures the presence of the 
entity, the functionalities might bury them-
selves in the hydrophobic segment during 
self-assembly, therewith becoming unavail-
able for further applications while possibly 
destabilising the membrane. These risks are 
not faced when choosing the post-immobi-
lisation approach, however, satisfactory sur-
face functionalisation is not guaranteed and 
removal of the non-coupled species can be 
troublesome.
Functionalisation of polymers prior 
to aggregation can be achieved either by 
polymerisation from a functional initiator 
or through conjugation of the function-
alities post-polymerisation. The in section 
1.2.2 mentioned D-mannopyranoside-PEG-
b-tetra(p-phenylene), polymerised from a 
mannopyranoside-functionalised initia-
tor,[72] and PGG-b-PBLG, of which the side 
chains were glycosylated,[73] are good exam-
ples of this approach. Nonetheless, as func-
tional groups are prone to interfere with the 
polymerisation reaction, most functional 
entities are introduced afterwards. Signal-
ling labels are commonly inserted via this 
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ised PEG-b-PBD.[171] In both cases, ligation of 
the rather large peptide to the polymers did 
not influence the self-assembly process. Tar-
geted delivery of functional polymersomes 
fabricated via the pre-self-assembly meth-
od was furthermore demonstrated with Tet1 
peptide, which specifically binds to recep-
tors on neurons in the inner ear.[172] Cysteine-
terminated Tet1 peptide was conjugated to 
iodoacetate-PEG-b-PCL and the resulting 
polymersomes were, depending on the 
method of administration, able to target 
the cochlear nerve in vivo. Finally, there are 
reports that describe successful decoration 
of polymersome membranes with proteins 
by self-assembly of giant amphiphiles con-
sisting of a hydrophobic polymer tail and 
hydrophilic enzyme head group.[173] The en-
zymatically active horseradish peroxidase 
(HRP) was for instance combined with PS or 
poly(methyl methacrylate) (PMMA), which 
induced in situ aggregation into enzymatic 
nanoreactors.[174]
The molecular architecture of am-
phiphiles plays a key role in the morpho-
logical outcome upon their self-assembly. 
Pre-assembly conjugation of large or hydro-
phobic molecules to the polymer building 
block possibly alters the block copolymer 
architecture, thereby affecting successful 
polymersome formation. In such cases, it 
is generally sensible to select the post-self-
assembly functionalisation approach. In this 
case, a robust coupling strategy is required 
that is orthogonal, viable in an aqueous 
environment and produces a stable bond. 
Various conjugation reactions have been 
applied thus far, with the biotin-streptavi-
din approach being the first.[175] Hereto, gi-
ant polymer vesicles were constituted of bi-
otinylated PEG-b-PBD and the adhesion of 
avidin-coated microspheres was examined. 
Biotin-exposing polymersomes have since 
then been employed to achieve (strept)avi-
din-mediated adhesion of e.g. antibodies[176] 
or sulforhodamine B.[177] Other non-covalent 
conjugation pairs that have been applied to 
functionalise the surface of polymersomes 
are cyclodextrin-adamantane[178] and nickel-
lysine nitrilotriacetic acid (NTA)-histidine 
tag,[179] the latter one commonly used to pu-
rify proteins after expression. 
A popular covalent method to func-
tionalise polymer vesicles post-assembly 
Figure 1.16  |  Polymersomes with surface-exposed DTPA chelators were incubated with radioactive 111InCl 
to determine their biodistribution in mice.[169]
Figure 1.17  |   Various alkyne-containing probes 
were “clicked” to the exterior of azido-displaying 
polymersomes.[180]
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PEG-b-PCL polymersomes.[186] Amines are 
also commonly applied as chemical handle 
due to their versatility and high reactiv-
ity towards among others carboxylic acids, 
isothiocyanates and succinimidyl esters.[187] 
For instance, polymersomes with surface-
exposed carboxylic acids were embellished 
with antibodies by a facile peptide coupling 
reaction.[188] PMOXA-b-PDMS based cap-
sules with amino end groups were deco-
rated with NHS-Alexa Fluor 633 and NHS-
activated 4-formyl benzoic acid, of which 
the latter one was subsequently used to 
couple enhanced yellow fluorescent pro-
tein (eYFP) and antibodies that were both 
equipped with 6-hydrazinonicotinic acid.
[189]  Furthermore, it was demonstrated that 
when polymersomes are composed of am-
phiphilic block copolymers with a cleavable 
hydrazone linker between the hydrophilic 
PEG and hydrophobic PBD block, the whole 
corona could be reversibly exchanged for 
other PEG segments.[139]
1.3.4  |  Pattern formation
is the CuI-mediated Huisgen 1,4-dipolar cy-
cloaddition.[37, 38] Both the azide and alkyne 
are small, stable, almost absent in nature 
and react effortlessly with each other under 
ambient conditions. In the first report de-
scribing “clickable” polymersomes, vesicles 
constituted of PAA-b-PS containing 10 wt% 
N3-PAA-b-PS were successfully surface-dec-
orated with alkyne–dansyl, alkyne–biotin 
and alkyne–green fluorescent (Figure 1.17).
[180] Hereafter, the “click reaction” was applied 
to e.g. functionalise azido-exposing PEG-b-
PBD polymersomes with fibronectin mimet-
ic PR_b and GRGDSP peptides for targeted 
drug delivery,[181] and to transform PIAT-b-PS 
constructs with alkyne-anchoring sites into 
nanoreactors through covalent attachment 
of the enzymes Candida antarctica lipase 
B (CalB) or HRP.[182] Click chemistry has fur-
thermore been applied to attach dendrons 
to the polymersome periphery, in order to 
increase the amount of surface-accessible 
groups tremendously.[183, 184]
In the field of conjugation chemistry, 
numerous methodologies had already prov-
en their value long before the azide-alkyne 
cycloaddition was adopted. A number of li-
gation reactions being applied to function-
alise the surface of polymersomes will be 
passed in review in the next paragraph. 
Materials that contain a thiol by nature, 
such as peptides and proteins, are excellent 
candidates for thiol-maleimide chemistry. 
Via this approach, various blood-brain-
barrier targeting peptides were coupled to 
maleimide-exposing PEG-b-PBD polymer-
somes to determine which peptide showed 
the highest transcytosis.[185] Another poten-
tial drug carrier for brain delivery was de-
veloped by conjugating the mouse-anti-rat 
monoclonal antibody OX26 to maleimide-
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for PEG-b-poly(butylene oxide) (PBO) and 
PMPC-b-PDPA.[127] Besides TEM visualisation, 
domain formation was additionally verified 
by force mapping spectroscopy, using a 
streptavidin-functionalised tip which spe-
cifically interacted with biotinylated PMPC 
chains on the polymersomes. For both the 
AB/CB and AB/CD systems, it was reported 
that the spotted surface topology had a 
drastic influence on (active) cell uptake. 
Giant PAA-b-PBD/PEG-b-PBD polymer-
somes prepared via rehydration in presence 
of metal cations were found to display pat-
tern formation too.[192] It was hypothesised 
that the divalent cations pulled the PAA 
segments together into domains resulting 
in non-covalent, but strong cross-linking. 
The spots on the vesicles were visualised by 
fluorescence spectroscopy (Figure 1.18), and 
measurements in time showed rapid disap-
pearance of the domains upon addition of a 
metal chelator.
1.4  |  Exploitation of polymer-
some interior
By embracing the cytoplasm, the cellular 
membrane acts as a capsule to create a high-
ly reactive environment for the vast amount 
of entrapped ions and molecules. In con-
If two types of amphiphilic block copoly-
mers with different properties are success-
fully co-assembled into one vesicle, they are 
likely to phase segregate from each other as 
a result of an unfavourable Flory–Huggins 
interaction parameter. This process usually 
causes the formation of islands of the less 
abundant polymer embedded in a matrix 
of the other polymer. Since visualisation of 
possible domain formation at the nanoscale 
is far from straightforward, only a few stud-
ies exist that report this phenomenon. In 
case of polymersomes composed of co-ag-
gregated PEG-b-PS and PEG-b-PSBA, holes 
could be visualised by EM after PEG-b-PSBA 
was extracted from the inert, semi-crystal-
line polymersome membrane.[190] 
Domain formation driven by immisci-
ble corona segments was discovered upon 
co-assembly of the two membrane forming 
polymers PEG-b-PDPA and PMPC-b-PDPA.
[191] The surface topology was characterised 
with TEM by selective staining of the PMPC 
chains with heavy metals for better contrast. 
Subsequent in-depth experiments revealed 
that the size and morphology of the do-
mains is strongly dependent on the PEG-b-
PDPA to PMPC-b-PDPA ratio. Phase separa-
tion in polymersomes based on a mixture of 
AB/CD block copolymers was demonstrated 
Figure 1.18  |  Metal induced spot formation, imaged by confocal microscopy, in vesicles composed of 
fluorescently labelled PEG-b-PBD with a) 25%, b) 50% and c) 75% non-labelled PAA-b-PBD.[192]
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to induce self-assembly.[194] After removal of 
unencapsulated propidium iodide by size 
exclusion chromatography and subsequent 
addition of the polymersomes to HDF cells, 
their DNA could be localised with confocal 
laser scanning microscopy. Fluorophores 
are furthermore excellent candidates to 
study the release kinetics of low-molecu-
lar-weight molecules through (degrading) 
polymer membranes.[195, 196] Entrapment of 
small dyes is in general achieved during 
the self-assembly process, by mixing the 
block copolymers in organic solvent with an 
aqueous solution that is charged with the 
fluorophores.
Besides as carriers for imaging agents, 
polymersomes can also be applied as drug 
delivery vehicles.  Doxorubicin (Dox), one 
of the few relatively hydrophilic anticancer 
drugs, has been loaded in polymersomes 
via various procedures: by dissolving Dox 
and the polymers in water followed by a pH-
switch to trigger self-assembly,[53] addition 
of Dox to preformed vesicles at somewhat 
elevated temperatures,[189] or by solubilis-
ing Dox in the organic copolymer solution 
before water addition.[197] Nevertheless, to 
establish an effective drug delivery system, 
the amount of encapsulated drug should be 
reproducible and as high as possible. In one 
study, the weakly amphipathic Dox (pKa 8.3) 
was actively loaded in PAA-b-PS vesicles by 
applying a pH gradient across the mem-
brane: pHlumen of 2.5 and pHenvironment of 6.5.[153] 
To increase the permeability of the PS core 
of the membrane, dioxane was added to the 
mixture as well. After three days, the vesicles 
treated with a pH gradient contained up to 
10-fold higher levels of DOX relative to the 
polymersomes kept at the same pH. The 
loading of Dox in poly(L-glutamate)-b-PTMC 
junction to this, the encapsulated materials 
are not only protected from a potentially 
harmful environment, but the environment 
is also protected from any toxicity inside the 
cell. Similar benefits apply to the lumen of 
polymersomes too; many more molecules 
can be included within the compartment 
than can be attached to the periphery, and 
compartmentalisation of (biologically) ac-
tive components leads to a highly concen-
trated, reactive location for chemical trans-
formations within the nanospace. Efficient 
exploitation of the polymersome interior 
is therefore of great importance to getting 
one step closer to the application of vesicles 
in bio- and nanotechnology.
Materials that have thus far been in-
corporated in polymersomes range from 
low-molecular-weight molecules to large 
biomolecules and metal nanoparticles. In 
this section we will only cover the encap-
sulation of hydrophilic compounds in the 
aqueous reservoir of polymer vesicles, not 
the loading of hydrophobic moieties in the 
membrane.[193]
1.4.1  |  Low-molecular-weight molecules
Microscopic techniques are important in 
real-space investigation of processes in liv-
ing cells, however, their use is limited by the 
need to introduce probes within the cell 
without affecting the cellular metabolic sys-
tem. One relatively novel, yet exciting path-
way to deliver dyes is by encapsulation in-
side biocompatible polymeric vesicles that 
offer efficient cellular uptake. For instance, 
DNA-staining propidium iodide was loaded 
in PMPC-b-PDPA vesicles by adding the dye 
to the dissolved polymers in aqueous buf-
fer at pH 2, followed by increase of the pH 
Figure 1.19  |   Schematic representation of the pH 
dependent Dox-loading in PGA-b-PTMC polym-
ersomes.[198]
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(large) biomolecules is in general similar 
to that of small-molecular-weight compo-
nents, incorporation of biomolecules in 
polymersomes affords a means to alterna-
tive applications. It has been shown that 
PEG-b-PLG containers with surface-bound 
OX26 successfully deliver the encapsulated 
NC-1900, a peptide with potential in the 
treatment of various neurological disorders, 
in the brain of rats.[186] The incorporation ef-
ficiency of NC-1900 via the co-solvent meth-
od by addition of the peptide to the water 
phase was very low, therefore the polysac-
charide “gellan gum” was introduced. The 
PEG-b-PCL polymersomes were loaded with 
gellan gum, whereupon NC-1900 was add-
ed to the pre-formed vesicles at somewhat 
elevated temperatures. The cationic nature 
of NC-1900 induced gelation of the gellan 
gum, thus trapping itself in the reservoir of 
the polymersomes upon entrance. This pro-
cedure resulted in a relatively high encapsu-
lation efficiency of 21%.
A list of enzymatically active proteins 
has been entrapped in the interior of poly-
mer bilayers for applications diverging from 
nanoreactor to artificial organelle. Therapeu-
tic carriers towards oxygenation of ischemic 
tissue were prepared by straightforward 
encapsulation of either human or bovine 
haemoglobin in vesicles based on the bio-
degradable PEG-b-PCL or PEG-b-PLA.[199] The 
incorporation efficiency could be controlled 
by varying the DPn of the PEG segment, or 
by adjusting the total diblock copolymer 
concentration. The earlier mentioned PIC-
somes have also been transformed into 
oxygen responsive nanoreactors, by cap-
turing myoglobin through facile mixing of 
the oppositely charged block copolymers 
in water in the presence of the enzyme.[200] 
nano-assemblies was optimised by varying 
the pH during the co-solvent self-assembly 
procedure.[198] Substantial loading contents 
were observed for vesicles aggregated at 
pH 10.5, compared to experiments at pH 7.5. 
It was hypothesised that Dox became de-
protonated at high pH and therefore ended 
up in the hydrophobic segment of the bilay-
er, while at pH 7.5 the drug remained hydro-
philic and was concomitantly encapsulated 
in the water pool (Figure 1.19).
Furthermore, nanovesicles are prom-
ising vectors for paramagnetic contrast 
agents for medicinal diagnostics. As such, 
Gd for magnetic resonance imaging 
(MRI) was complexed to DTPA-containing 
poly(amido amine) (PAMAM) dendrimers 
and incorporated in PEG-b-PBD polymer-
somes during film hydration.[154] Chelation of 
Gd in PAMAM-DTPA established higher en-
capsulation efficiencies, enhanced the con-
trast in MRI and prevented the metal ions 
from leaking outside the porous vesicles.
1.4.2  |  Biomolecules
Although the encapsulation strategy of 
Figure 1.20  |  Porous enzyme-loaded polymer-
somes with surface-exposed Tat peptides still 
displayed sustained enzymatic activity after cel-
lular uptake.[170]
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not taken up passively, gene therapy re-
quires a “Trojan horse”. Polymersomes can 
be designed in such way that all the crite-
ria laid down for gene delivery vectors are 
met.[201] Antisense oligonucleotides and 
siRNA were efficiently delivered into cells 
with vesicles composed of the biodegrad-
able PEG-b-PCL or PEG-b-PLA, blended with 
PEG-b-PBD for additional stability.[202] The 
genetic material was loaded during polym-
ersome formation by the co-solvent dialysis 
method; the polymers in dimethyl sulfoxide 
(DMSO) were mixed with the oligonucleo-
tides in buffer whereupon self-assembly 
was induced by dialysis against buffer. The 
containers were taken up passively by cul-
tured cells, after which the polymeric mate-
rial underwent a morphological transition 
from vesicle to micelle, illustrated in Figure 
1.21. This process not only released the car-
go, but also allowed endolysosomal escape. 
Hereto, the siRNA could be delivered to the 
cytosol for mRNA knockdown, and the an-
tigen oligonucleotides ended up in nucleus 
for expression of dystrophin. Intracellular 
delivery of DNA was established with PMPC-
b-PDPA nanocontainers.[203] A GFP-encoding 
DNA plasmid was encapsulated by the pH 
switch method and the whole complex was 
administered to living cells. The lower pH 
in the endosomes was sufficient to trigger 
membrane disassembly and the sudden in-
crease in particle number expectedly attrib-
uted to lysis of the endosome. Hereupon, 
the DNA-polymer complexes could escape 
to the cytosol as fluorescence microscopy 
confirmed a high degree of GFP expression.
1.4.3  |  Nanoparticles
Metal nanoparticles (NP) have gained sig-
The incorporation of glucose oxidase (Gox) 
in porous PIAT-b-PS reactors resulted in very 
high loading efficiencies of around 20%.[70] 
Here, Gox was added to the aqueous solu-
tion and the aggregates were produced via 
the co-solvent method. Since the incorpora-
tion efficiency was much higher than antici-
pated based on statistical inclusion, it was 
assumed that the self-assembly process was 
somehow influenced by the presence of the 
enzymes. In a comparable study, horse rad-
ish peroxidase (HRP) was captured in PIAT-
b-PS constructs.[170] However, this time Tat-
functionalised PEG-b-PS was co-assembled 
into the membrane to promote uptake in 
mammalian cells. It was demonstrated that 
the nanoreactors remain enzymatically ac-
tive after entering the cells, thereby being 
one of the first examples of a simplistic, yet 
truly synthetic organelle (Figure 1.20).
Intracellular delivery of genetic materi-
als such as DNA and RNA is expected to, in 
the future, play an important role in gene-
specific therapy to treat diseased cells. Be-
cause oligonucleotides are very fragile and 
Figure 1.21  |  Schematic illustration of cell uptake 
and endolysosomal escape of oligonucleotides, 
encapsulated in biodegradable PEG-b-PCL or 
PEG-b-PLA polymersomes.[202]
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the PLA corona. 
Attempts to incorporate various inor-
ganic nanoparticles and QD in PAA-b-PS 
vesicles exclusively resulted in adhesion to 
the PAA corona.[207] The nanocrystals were 
mixed with the polymers in organic solvent 
and water was added to induce self-assem-
bly. After removal of the free nanoparticles 
in solution, it was observed that the PS core 
did not allow incorporation. Instead, the 
nanocrystals utilised the carboxylic acids of 
PAA as binding sites to adsorb to the mem-
brane. As PAA-b-PS polymersomes are very 
robust, the nanoparticles located on the ex-
terior membrane surface could be removed 
selectively, leaving the crystals in the lumen 
intact.
A completely different approach to 
internalise particles in the interior of poly-
mersomes was demonstrated by imitating 
the cellular endocytosis process.[208, 209] Silica 
or polystyrene nanoparticles were added 
to pre-assembled PDMS-b-PMOXA vesicles 
and got internalisated without addition 
of external stimuli. Cryo-TEM analysis dis-
played that the invagination of both parti-
cle types was ensued by adsorption, mem-
brane deformation and subsequent fission 
of the bilayered membrane (Figure 1.22). 
1.5  |  Outline of thesis
To date, it is well-recognised that polymer-
somes are high potential candidates for a 
large range of biomedical and biotechno-
logical applications. Nevertheless, we still 
have a long road ahead of us before poly-
mersomes can be actually deployed as e.g. 
drug delivery vehicles in human beings or 
form the basis of the first man-made cell. To 
reach this goal, there are many aspects con-
nificant attention in the biomedical world 
as potential therapeutic and imaging agent.
[204] There are numerous studies that report 
the incorporation of hydrophobic NP into 
the polymersome membrane,[197, 205] how-
ever, the entrapment of nanoparticles in 
the interior is limited. The incorporation 
efficiency of hydrophilic nanoparticles is 
usually low and removal of the non-encap-
sulated nanocrystals is laborious. Nonethe-
less, there are some examples in literature 
that worked around these difficulties. For 
instance, the encapsulation capacity of 
polymersome-forming PLA-b-PMPC was in-
vestigated in the presence of thioalkylated 
zwitterionic phosphorylcholine protected 
quantum dots (PC@QD).[206] The nanoparti-
cles were loaded during self-assembly, and 
the unencapsulated excess was removed by 
filtration. TEM analysis revealed that most of 
the PC@QD ended up in the interior of the 
vesicles, and a small part was adsorbed on 
the membrane, probably as result of ion-
pair interaction between the particles and 
Chapter 1   |
36
assemblies, while a Baeyer–Villiger monoox-
ygenase was dissolved in the surrounding 
aqueous environment. Mediocre to almost 
complete substrate conversion were achie-
veded upon increasing the concentration of 
the cofactor regenerating self-assemblies, 
indicating that diffusion of the reactive spe-
cies through the polymer membrane is the 
rate determining step. Spatial positioning of 
the Baeyer–Villiger monooxygenase within 
the same nanoreactors by covalent immo-
bilisation onto the outer surface afforded a 
less reactive system.
Chapter 4 describes a refined method 
to transform the morphology of polym-
ersomes that are constituted from block 
copolymers with a high-molecular-weight 
glassy hydrophobic segment. Through ki-
netic manipulation of the phase behaviour 
of the hydrophobic block from flexible to 
glassy and back whilst applying an osmotic 
pressure difference, spherical polymer-
somes could be transformed into stomato-
cytes, and stomatocytes into a large variety 
of other morphologies such as uniconcave 
discocytes, kippah and oblates.
The knowledge to create various poly-
mersome morphologies was applied in 
cerning polymersome formation and func-
tionalisation that require perfection. This 
thesis reports novel methods and insights 
for increased control over the function and 
shape of polymeric vesicles.
In chapter 2, an in-depth study is per-
formed to gain more understanding about 
the accessibility of functional groups on 
the outer surface of polymersomes. The 
moieties were introduced on the periph-
ery either by co-assembly of polymers that 
carried the functional group at the chain 
end of the water-soluble segment, or by 
immobilisation onto pre-formed vesicular 
membranes. The accessibility of the func-
tionalities was determined using the strain 
promoted azide-alkyne cycloaddition reac-
tions as a model system. It was established 
that successful decoration of the surface of 
polymeric nanovesicles highly depends on 
the physicochemical properties, and in par-
ticular the hydrophobicity, of the desired 
functionality.
Chapter 3 reports the exploitation of 
polymeric self-assemblies as enzymatic co-
factor regeneration nanoreactors. A cofac-
tor regenerative enzyme was encapsulated 
inside the lumen of innately semi-porous 
Figure 1.22  |  Cryo-TEM micrographs of silica nanoparticles that are endocytosed by PDMS-b-PMOXA 
vesicles.[208]
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tion between the neutral and polyanionic 
corona chains. Using specific ratios of block 
copolymers, the hybrid vesicles adopted a 
stomatocyte-like morphology, presumably 
induced by accumulation of the strongly re-
pelling polyanionic hydrophilic chains into 
highly curved membrane regions.
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When drugs are administered, their 
long journey through the body often causes 
that only fraction of the initial amount ac-
tually reaches the site of action. In order to 
make medicine more effective and to sup-
press their side effects, targeted drug deliv-
ery can provide a solution. Polymersomes 
are excellent candidates as delivery vehicles 
since drugs can be encapsulated either in 
their lumen or the hydrophobic membrane, 
while the outer surface can be decorated 
with signalling functionalities to target the 
diseased tissue.
Here, an in-depth study is presented 
to gain the highest degree of accessible 
functional groups on polymeric nano-sized 
vesicles. Copper-free clickable probes were 
selected as our model system and surface 
functionalised polymersomes were devel-
oped either 1) through co-assembly of end 
group modified PEG–PS amphiphiles or 2) 
by introduction of the reactive moieties on 
preformed vesicles. For the co-assembly ap-
proach, the highest degree of availability 
was obtained for the most hydrophilic func-
tional group. Post-self-assembly introduc-
tion led to good results for all three exam-
ined moieties, and surface saturation was 
reached above a certain percentage of im-
mobilised probes. Finally, we demonstrated 
that protrusion of functional entities from 
the membrane corona via a longer hydro-
philic segment of the block copolymer sig-
nificantly enhanced the accessibility.
This chapter was published as: S. A. Meeuwissen, M. F. Debets and J. C. M. 
van Hest, Polym. Chem. 2012, 2, 1783-1795.
2
Copper-free click chemistry on 
polymersomes; pre- vs. post-self-
assembly functionalisation
Chapter 2   |
44
Versatile, robust and efficient conjugation 
methods are crucial in the creation of (bio)
hybrid systems. To realise e.g. the coupling 
of polymers to proteins,[1, 2] labeling of nucle-
ic acids,[3, 4] functionalisation of surfaces[5, 6] or 
decoration of nanoparticles,[7, 8] researchers 
can these days choose from a large toolbox 
of possible ligation techniques. Conjuga-
tion methodologies that are commonly ex-
plored and employed include Diels–Alder,[9, 
10] oxime[11, 12] and thiol–ene reactions,[13, 14] 
native chemical ligation,[15, 16] Staudinger 
ligation,[17] norbornene–tetrazene conjuga-
tion[18, 19] and azide–alkyne cycloadditions.[20, 
21] Among them, systems making use of an 
azide handle are probably the most prac-
tised, as azide functionalities can be readily 
introduced, are small, stable, almost absent 
in nature and react effortlessly under ambi-
ent conditions.
The first method in which an azide 
moiety was applied as a conjugation han-
dle is the Staudinger ligation, developed 
by Bertozzi and Saxon.[22] Although widely 
applied these days, this method based on 
the Staudinger reduction[23] holds specific 
disadvantages – like oxidation of the phos-
phines prior to ligation – that are difficult to 
overcome. The copper(I)-catalysed 1,4-dipo-
lar azide–alkyne cycloaddition (CuAAC)[24-26] 
has since its first publication become im-
mensely popular, also in polymer science.[27] 
However, the essential CuI in this so-called 
click reaction is potentially harmful to bio-
logical systems[28] and swiftly disproportion-
ates in aqueous media to non-catalytic spe-
cies.[29] In response to this, a range of novel 
copper-free clickable probes for strain-pro-
moted azide–alkyne cycloaddition (SPAAC) 
reactions have been developed.[30, 31] Owing 
to the absence of metal-catalysts, SPAAC 
reactions have nowadays been successfully 
employed in living cells and even organ-
isms[32] without evident cytotoxicity.
Due to their resemblance to liposomes 
and cellular organelles, polymeric nan-
ovesicles (polymersomes) continue to draw 
attention among both chemists and biol-
ogists.[33] In comparison to liposomes com-
posed of small phospholipids or surfactants, 
polymersomes exhibit superior chemical 
and physical stability due to their high mo-
lecular weight building blocks.[34, 35] Owing 
to the synthetic nature of these amphiphilic 
block polymers, they can be tailor-made to 
provide vesicles for a wide range of applica-
tions.[36, 37] For instance, polymersomes form 
a highly promising platform in drug deliv-
ery as they are able to encapsulate a broad 
spectrum of drugs while the surface mem-
brane can be devised for specific targeting.
[7, 38, 39]
Creation of polymeric shells with a 
functionalised surface can be approached in 
two ways: 1) via conjugation of the function-
al moiety to the water-soluble end-group of 
the polymeric building block prior to self-
assembly[40, 41] or 2) via post-self-assembly li-
gation of the functionality through a chemi-
cal handle on the vesicles’ periphery (Figure 
2.1).[8, 42, 43] Both methods have their own 
advantages and disadvantages. Although 
(co-)assembly of a pre-functionalised poly-
mer ensures the presence of the entity, the 
membrane formation process gets possibly 
disturbed because the functionality might 
(partially) hide in the bilayer membrane, 
thereby becoming unavailable for further 
applications. These difficulties are not faced 
when choosing the post-immobilisation ap-
2.1  |  Introduction
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tive of 3-azidocoumarin. Upon undergoing 
cycloaddition, the pro-fluorescent 3-azido-
coumarin derivative becomes strongly flu-
orescent, which allowed us to monitor its 
conjugation to the polymersome periphery 
by simply measuring the increase in fluo-
rescence intensity in time.[48-50] A series of 
weight percentages of the functional block 
copolymers were mixed in to investigate the 
effect of different numbers of conjugation 
sites on the efficiency of surface modifica-
tion. Secondly, we explored the reactivity of 
the conjugation sites when post-introduced 
on the polymersomes’ outer surface. Finally, 
we demonstrate that the length of the linker 
between the vesicular surface and probe 
has a significant effect on its accessibility.
2.2  |  Results and discussion
2.2.1  |  Block copolymer synthesis and 
characterisation
All polymersomes were based on the am-
phiphilic block copolymer poly(ethylene 
proach; however, satisfactory surface func-
tionalisation is not guaranteed and removal 
of the non-coupled species can be trouble-
some.
In order to gain more insight into which 
route is better suited for attaining surface-
decorated polymersomes, we selected the 
SPAAC reaction as a model system; besides 
the obvious potential of this conjugation 
method to further functionalise polymer-
somes, there are numerous copper-free 
clickable probes available for a thorough 
comparison of properties such as size, hy-
drophobicity and reaction rate. Owing to 
these requirements, methyl-oxanorborna-
diene (MeOND),[44, 45] bicyclononyne (BCN)
[46, 47] and dibenzoazacyclooctyne (DIBAC)
[47] were selected for our study (Figure 2.1, 
top to bottom). Initially, the three different 
ligation moieties were covalently attached 
to the water-soluble segment of amphiphil-
ic polymers followed by co-assembly into 
vesicles. Their reactivity and thus availability 
at the polymersome surface was examined 
by a fluorogenic assay employing a deriva-
Figure 2.1  |  Diagram of the two different approaches to create copper-free clickable vesicles; the top 
route depicts the pre-assembly method in which the probe is introduced on the polymer before assem-
bly. In the lower (post-)route, polymer self-assembly takes place before introducing the probe onto the 
polymersomes.
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reaction of α-bromoisobutyryl bromide 
with monohydroxyl-PEG44.
In order to design polymersomes with 
copper-free clickable probes on their sur-
faces, we synthesised amino-functionalised 
PEG66-b-PS 5 as depicted in Scheme 2.2. 
Amine chemistry was selected due to its ver-
satility; H2N-groups react highly effectively 
with among others carboxylic acids, iso-
thiocyanates and succinimidyl esters.[53] The 
hydrophobic block length was aimed to ap-
proach the DPn of the polystyrene segment 
of matrix polymer 2 and the hydrophilic seg-
ment was chosen to be PEG66 to allow the 
end groups to protrude from the corona of 
the polymersomes. The synthesis of H2N-
PEG66–PS 5 started with the preparation of 
glycol)44-b-polystyrene (PEG44-b-PSn) as 
this material readily self-assembles into 
defined hollow bilayered vesicles.[51] As the 
basis for our vesicles, a non-modifiable 
block copolymer was prepared via atom 
transfer radical polymerisation (ATRP) of 
styrene from macro-initiator α-methoxy–
PEG44-ω-isobutyrylbromide (1) with the 
CuBr/N,N,N’,N”,N”-pentamethyldiethylen-
etriamine (PMDETA) catalyst complex in 
anisole at 90 °C (Scheme 2.1).[52] The number 
average degree of polymerisation (DPn) of 
the PS segment of the product, PEG44-b-PS 
2, was determined to be 260 with a narrow 
size distribution (polydispersity index (PDI) 
of 1.06, Table 2.1). Macro-initiator 1 was pre-
pared in high yield through a substitution 
Scheme 2.1  |  Matrix polymer PEG44-b-PS was synthesised via ATRP of styrene from macro-initiator 
α-methoxy–PEG44-ω-isobutyrylbromide (1).
Scheme 2.2  |  Synthesis of amino–PEG44-b-PS255 (5) via a peptide coupling between the diamino–PEG and 
carboxylic acid–PS 4 obtained by ATRP from initiator tert-butyl 2-bromoisobutyrate.
H2N
O O NH2
66
O
O
O
255
3    84%
HO
O
O
255
4    91%
N
H
O
O
255
OOH2N 66
5    57%
O
O
Br
1. styrene, CuBr, PMDETA
 anisole, Ar atm., 90 °C
2. OH2C SiMe3
HCl, dioxane
110 °C, 18 h
DiPEA, PyBOP, DMF
0 °C to rt, 18 h
O
O
Br
260
O
MeO 44
MeO O O
O
BrMeO O OH
α-bromoisobutyryl
bromide
Et3N, CH2Cl2
Ar atm., 16 h
styrene
CuBr, PMDETA 
anisole, Ar atm.
1    85%
2    90%
44 44
47
  |  Copper-free click chemistry on polymersomes; pre- vs. post-self-assembly functionalisation
monitored by 1H NMR analysis, as the initial-
ly clearly observable tert-butyl signal disap-
peared in time. Finally, α-ω-diamino–PEG66 
was attached to HOOC-PS 4 via a peptide 
bond using (benzotriazol-1-yloxy)tripyrro-
lidinophosphonium hexafluorophosphate 
(PyBOP) as the coupling reagent together 
with N,N-diisopropylamine (DiPEA) in N,N-
dimethylformamide (DMF). To minimise 
the possibility of triblock formation, a large 
excess of diamino–PEG was deployed. The 
non-reacted PEG was later on removed via a 
Soxhlet extractor with MeOH as the solvent 
and further purification by column chroma-
tography over silica gel afforded amino–
PEG66-b-PS255 5 in 57% yield. Formation of the 
desired product was corroborated by NMR 
and MALDI-ToF. Size exclusion chromato-
graphy analysis revealed a presence of 5% 
of PS–PEG–PS triblock byproduct (Figure 
2.2).
precursor PS 3 by ATRP of styrene at 90 °C 
using tert-butyl 2-bromoisobutyrate as the 
initiator and CuBr/PMDETA as the catalyst 
(Scheme 2.2). Upon achieving the desired 
DPn, the polymerisation was terminated 
by addition of 1-phenyl-1-trimethylsiloxye-
thene to cap the end groups with a ketone; 
the bromide that is usually obtained after 
ATRP was found to interfere with the amide 
coupling between the PEG and PS seg-
ments while the ketone did not. According 
to matrix-assisted laser desorption/ionisa-
tion time-of-flight (MALDI-ToF) and proton 
nuclear magnetic resonance (1H NMR) meas-
urements, the polymer consisted of a DPn 
of 255 and size exclusion chromatography 
(SEC) showed a narrow DPI of 1.04 (Figure 
2.2). Deprotection of the tert-butylester was 
performed in 1,4-dioxane (dioxane) with HCl 
and yielded α-carboxylic acid–polystyrene255 
(4) in 91%. The progress of the reaction was 
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Scheme 2.3  |  Amino–PEG66-b-PS255 (5) was equipped with a methyl-oxanorbornadiene, bicyclononyne or 
dibenzoazacyclooctyne moiety to afford polymers 6, 7 and 8, respectively.
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The obtained amino–PEG–PS block co-
polymer was subsequently functionalised 
with each of the three copper-free click-
able probes selected for their difference in 
reactivity towards azides, size and polarity 
(Scheme 2.3). Firstly, the carboxylic acid moi-
ety of MeOND was in situ transformed into 
an acid chloride with ethyl chloroformate 
and subsequently coupled to H2N-polymer 
5 overnight under Ar atmosphere. The con-
version was established with 1H NMR spec-
troscopy and was once more confirmed 
with a Kaiser test[54] displaying the absence 
of primary amines in product 6. The reaction 
was performed via the formation of an acid 
chloride instead of a straightforward pep-
tide coupling because the latter approach 
was found to be troublesome. In contrast, 
the carboxylic acid of DIBAC was success-
fully attached to amino-polymer 5 under 
the influence of PyBOP and DiPEA in DMF to 
produce DIBAC–PEG–PS 8. To complete our 
desired set of copper-free clickable probe 
functionalised polymers with BCN–PEG66-b-
PS255 (7), PEG–PS 5 was also equipped with 
the commercially available BCN-N-hydrox-
ysuccinimide ester (BCN-OSu) through a 
carbamate bond in dry CH2Cl2 with a little 
triethylamine (Et3N) under Ar atmosphere. 
The integrity of compounds 7 and 8 was 
confirmed by 1H NMR spectroscopy and a 
Kaiser test.
An overview of the SEC measurements and 
MALDI-ToF mass spectrometry data of all 
polymers synthesised for these studies is 
provided in Figure 2.2 and Table 2.1.
Figure 2.2  |  SEC chromatographs of the polymers a) MeO-PEG44-b-PS260 (2); b) tBuOOC-PS255 (3), HOOC-
PS255 (4) and H2N-PEG66-b-PS255 (5); c) MeOND–PEG66-b-PS255 (6), BCN–PEG66-b-PS255 (7) DIBAC–PEG66-b-PS255; 
d) tBuOOC-PS225 (13), HOOC-PS225 (14) and H2N-PEG44-b-PS225 (15).
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2.2.2  |  Pre-functionalised polymersomes
To generate copper-free clickable nanovesi-
cles, the polymeric building blocks were 
self-assembled according to the co-solvent 
method.[51] Hereto, a blend of matrix block 
copolymer 2 and one of the three PEG–PS 
block copolymers with a Cu-free conjuga-
tion moiety (5, 10 or 20 wt%) was dissolved 
in a mixture of tetrahydrofuran (THF) and di-
oxane (60:40 vol%, respectively), which are 
good solvents for both segments. To induce 
self-assembly of the amphiphiles, ultrapure 
water – which is a precipitant for PS – was 
slowly added to the mixture until a content 
of 75 vol% was reached. The organic solvents 
were subsequently removed through dialy-
sis of the opaque solution against a large ex-
cess of water. The integrity of the polymeric 
vesicles was finally verified by transmission 
electron microscopy (TEM), see Figure 2.3. 
When 20 wt% or less MeOND–PEG–PS 6 or 
BCN–PEG–PS 7 was co-assembled, no distur-
bance in the membrane morphology of the 
resulting polymersomes could be observed. 
This was in contradiction to DIBAC–PEG–PS 
8, which caused the formation of many min-
iature vesicles and big aggregates. In addi-
tion, there was a clear trend noticeable that 
the higher the amount of polymer 8 used, 
the larger the structural disruption. Since 
DIBAC is the largest and most hydrophobic 
probe of the three, this disruption could be 
explained by DIBAC partially folding back in 
the polystyrene segment, whereas the other 
two were apparently hydrophilic enough to 
be localised on the polymersome periphery
To verify this assumption, the acces-
sibility and conjugation ability of the click 
probes on the surface of the PEG–PS poly-
Table 2.1  |  Molecular characteristics of the polymer 1-8 and 13-15.
Entry Mn (SEC)a
(103 g/mol)
PDI (SEC)b
Mw/Mn
m/z 
(MALDI)c
(103 Da)
DPnPS 
(MALDI)d
WPEG 
(MALDI)e
(%)
MeO-PEG44-Br (1) 2.2 1.06 - - -
MeO-PEG44-b-PS260 (2) 26.9 1.06 29 260 6.7
tBuOOC-PS255 (3) 30.6 1.04 27 255 0
HOOC-PS225 (4)  29.3 1.07 26 255 0
H2N-PEG66-b-PS255 (5) 28.5 1.05 30 255 9.8
MeOND–PEG66-b-PS255 (6) 28.4 1.05 30 255 9.8
BCN–PEG66-b-PS255 (7) 28.6 1.05 30 255 9.8
DIBAC–PEG66-b-PS255 (8) 28.7 1.05 30 255 9.8
tBuOOC-PS225 (13) 27.1 1.08 24 225 0
HOOC-PS225 (14) 27.0 1.06 23 225 0
H2N-PEG66-b-PS255 (15) 25.9 1.05 26 225 11
aMolecular weights determined by SEC; SEC calibration is based on the hydrodynamic diameter of PS; 
bThe polydispersity index (PDI) was calculated by the quotient of Mw and Mn obtained by SEC mea-
surements; cMolecular weights determined with MALDI-ToF mass spectrometry; dCalculated number 
average degree of PS polymerisation from the molecular weight obtained by MALDI-ToF analysis; eThe 
calculated weight fraction of the PEG segment of the block copolymers based on MALDI-ToF results.
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of MeOND-polymer afforded comparable 
results as for the cycloaddition reaction 
with 5 wt%. This inconsistent result possibly 
implies that above a certain percentage of 
co-assembled 6, the density of MeOND on 
the polymersome surface is too high which 
causes the probes to become partially ex-
cluded from the reaction, e.g. by becoming 
embedded in the PEG corona.
Incorporation of 5, 10 or 20 wt% of 
BCN-containing PEG66-b-PS 7 afforded three 
comparable fluorescence responses in time 
(Figure 2.4b), all demonstrating a slower re-
action and thereby ending at a lower inten-
sity than observed for MeOND-decorated 
polymersomes. These findings are not in 
agreement with the intrinsic reactivity of the 
two probes; BCN is approximately 250 times 
more reactive towards azides compared to 
MeOND. Although the rate of chemical re-
actions usually decreases when performed 
on the surface of nano-objects, the order of 
reactivity of the species should remain unal-
tered. Therefore, we assume that hydropho-
bicity plays a major role in the accessibility 
of the end group functionality of the incor-
porated polymer upon self-assembly. This 
postulation was further corroborated by the 
even lower reactivities observed for polym-
ersomes with co-assembled DIBAC–PEG66–
mersomes was examined with a fluorogenic 
assay using a water soluble amide-linked 
3-azidocoumarin-terminated poly(ethylene 
glycol).[44, 48] Hereto, a fixed amount of poly-
mersomes (500 µL of 2.0 mg polymer/mL 
MilliQ) with 5, 10 or 20 wt% polymer 6, 7 
or 8 incorporated was further diluted with 
ultrapure water in a quartz cuvette (path 
length 1.00 cm). After addition of a freshly 
prepared solution of N3-coumarin–PEG44 
(1.00 mg) in MilliQ, the progress of the cy-
cloaddition reaction was monitored in time 
by fluorescence spectroscopy. The resulting 
data are presented in Figure 2.4.
The fluorogenic assay of the MeOND-
displaying polymeric vesicles showed a 
maximal degree of coumarin functionalisa-
tion of the polymersome periphery already 
within 60 min, taking into account the 
auto-fluorescence of the coumarin entity 
determined via control experiments with 
non-functional PEG44-b-PS260 polymersomes 
(Fig. 2.4a). A significant difference in inten-
sity was measured between the constructs 
containing 5, 10 or 20 wt% of polymer 6. 
As expected, polymersomes with 10 wt% 
gave a faster reaction with a higher yield 
of coumarin attachment than those with 
5 wt% of co-assembled MeOND–PEG–PS. 
However, polymersomes containing 20 wt% 
Figure 2.3  |  TEM micrographs of PEG-b-PS based polymersomes containing 20 wt% of co-assembled 
a) MeOND–PEG–PS 6, b) BCN–PEG–PS 7 or c) DIBAC–PEG–PS 8. According to these images, the self-
assembly process was only disturbed by polymer 8. Scale bar: 500 nm.
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Each SPAAC experiment with a differ-
ent type of polymersomes was performed 
in duplo or triplo at a preset temperature of 
21 °C. The ultimate data were derived by tak-
ing the average of the individual measure-
PS 8 (Fig. 2.4c), while DIBAC comprises the 
highest intrinsic reactivity of the three. The 
lowest fluorescence intensity after 100 min 
of reaction time was measured when 20 
wt% of polymer 8 was co-assembled.
Figure 2.4  |  Increase of fluorescence (λem = 418 nm) was measured during the SPAAC reaction between 
N3–coumarin–PEG44 and polymersomes of which 5, 10 or 20 wt% of the polymers was pre-functionalised 
with a) MeOND, b) BCN or c) DIBAC, or post-functionalised with d) MeOND, e) BCN or c) DIBAC. A control 
experiment (the grey curve in 2.4a) was performed with non-functionalised PEG–PS based vesicles.
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2.2.3  |  Post-functionalised polymersomes
To further assess the exploitation of cop-
per-free clickable conjugation sites at the 
surface of polymersomes, vesicles for post-
assembly functionalisation with MeOND, 
BCN or DIBAC were designed. To this end, 
the already prepared H2N-PEG66–PS 5 was 
selected for incorporation in the membrane 
to serve as the chemical handle for addi-
tional modification. With the amine-reactive 
BCN-OSu available, we decided to activate 
MeOND and DIBAC with a succinimide ester 
as well to create a comparable methodol-
ogy. After immobilisation of the probes on 
the preformed vesicles, their conjugation 
ability was investigated via the previously 
applied fluorogenic assay.
MeOND was prior to introduction of 
the OSu-ester equipped with a small linker 
(Scheme 2.4) to prevent steric hindrance 
affecting its reactivity towards amines. Al-
though this structural adjustment induced 
minor differentiation between the pre- and 
post-functionalisation route, we assumed 
it would not influence the reactivity to-
wards azides. In fact, since both BCN and 
DIBAC are not directly connected with the 
activated ester, a linker on MeOND would 
make the three probes more comparable 
for post-introduction. Thus, the carbox-
ylic acid of MeOND was coupled to methyl 
3-aminopropionate under the influence of 
N-(3-dimethylaminopropyl)-N’-ethylcarbod-
iimide hydrochloride (EDC) and 4-(dimeth-
ylamino)pyridine (DMAP). Methyl ester 9 
was obtained in a moderate yield due to 
– as previously noticed – low reactivity of 
the acid of the starting material. MeOND–
linker–carboxylic acid 10 was prepared by 
saponification of the ester of compound 9 
ments. To demonstrate the reproducibility 
of these fluorogenic assays, three different 
duplo experiments are depicted in Figure 
2.5; a maximum differentiation of 10 % was 
observed.
Figure 2.5  |  Increase in fluorescence (λem = 418 
nm) during the SPAAC reactions performed in 
duplo between N3-coumarin–PEG44 and polymer-
somes composed of a) 10 wt% pre-functionalised 
MeOND–PEG66–PS, or 10 wt% NH2-PEG–PS which 
was post-functionalised with b) BCN-OSu or c) 
DIBAC-OSu.
53
  |  Copper-free click chemistry on polymersomes; pre- vs. post-self-assembly functionalisation
upon treatment with aqueous LiOH in THF. 
The OSu functionality was introduced via an 
EDC coupling with N-hydroxysuccinimide to 
synthesise MeOND-OSu 12 in a total yield of 
14%. Scheme 2.4 furthermore depicts the di-
rect activation of DIBAC with a succinimide 
moiety using EDC and DMAP in good yield.
Next, amine-functional polymersomes 
were prepared by dissolving 5, 10 or 20 wt% 
of H2N-PEG66-b-PS255 together with matrix 
polymer PEG44-b-PS260 in a mixture of THF 
and dioxane (60:40 vol%, respectively). 
Self-assembly was induced by dropwise ad-
dition of ultrapure water (in total 75 vol%) 
which resulted in stable polymersomes af-
ter removal of the organic solvents by dialy-
sis overnight. The periphery of the amino-
decorated vesicles was post-modified with 
MeOND-OSu 11, BCN-OSu or DIBAC-OSu 
12 in phosphate buffer (20 mM) at pH 7.8. 
As the hydrolysis rate of the OSu groups is 
known to increase quickly with elevated ba-
sicity,[55] the pH was set at 7.8 and an excess 
of activated ligation probes (25 equivalents) 
was employed to ensure maximal achiev-
able surface functionalisation.
Prior to exploring the availability of the 
conjugation moieties, the actual number 
of post-assembly introduced conjugation 
sites was investigated. Polymeric vesicles 
consisting of 10 wt% of 5 decorated with the 
conjugation probes were subjected to rho-
damine B isothiocyanate treatment to label 
any residual NH2 groups, as this fluorophore 
is known for its high reactivity towards pri-
mary amines and excellent water solubility. 
The samples were extensively washed be-
fore analysed with ultraviolet-visible (UV-
N
O
OH
O
O
CF3
O
Me
OH
O
CF3
O
Me
NH
OMe
O
O
CF3
O
NH
O
O
N
O
O11    50%
N-hydroxysuccinimide
H2N OMe
O
· HCl
EDC, DMAP 
CH2Cl2, Ar atm.
0 °C to rt, 16 h
LiOH 1M, THF
0 °C to rt, 20 h
O
CF3
O
Me
NH
OH
O
9    35%
10    82%
EDC, DMAP, CH2Cl2 (dry)
0 °C to rt, 16 h
Me
N
O
O
O
N
O
O
N-hydroxysuccinimide
EDC, DMAP, CH2Cl2 (dry)
0 °C to rt, 16 h
12    70%
Scheme 2.4  |  The carboxylic acid moiety of both MeOND and DIBAC was activated with N-hydroxysuc-
cinimide to obtain MeOND-OSu 12 and DIBAC-OSu 13. For MeOND, a small linker molecule was intro-
duced first to circumvent steric hindrance difficulties.
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bilised on preformed polymersomes with 5, 
10 or 20 wt% of amine-handle polymer 5 was 
examined by conjugation of N3-coumarin–
PEG44. Figure 2.4 (red curves) features the 
resulting fluorogenic assays. In agreement 
with our expectations, comparable cycload-
dition results for pre- and post-introduced 
MeOND were obtained due to the relatively 
high hydrophilicity of this particular probe. 
Nonetheless, a significantly higher degree 
of coumarin conjugation was achieved via 
the post-functionalisation route for the 20 
wt% experiment, which implies that incor-
poration of pre-functionalised polymers 
engenders partial inaccessibility of the end 
groups at higher concentrations.
The differences between the pre- and 
post-route were much more striking for BCN 
(Figure 2.4e). While all co-assembly attempts 
of BCN-polymer 7 afforded similar levels of 
coumarin conjugation, the post-function-
alisation approach with 10 wt% NH2-PEG66-
b-PS255 (5) containing vesicles yielded a 
twofold higher degree of triazole formation 
with respect to the 5 wt% batch. Compara-
ble fluorogenic traces were observed for 10 
and 20 wt%, which is probably instigated 
by saturation of the surface with coumarin–
PEG. This faster attainment of the saturation 
Vis) spectroscopy. The absorption at 557 nm 
was compared with the maximal attainable 
absorption values derived by treating 5, 10 
and 20 wt%-containing amino-polymer 5 
vesicles with rhodamine B isothiocyanate 
(Figure 2.6).
The deviation from linearity observed 
for the 20 wt% H2N-PEG–PS containing 
polymersomes can be explained by steric 
hindrance; rhodamine molecules that were 
already attached to the membrane surface 
hampered further functionalisation. As dis-
played in Table 1, the absorption intensities 
of the rhodamine-treated post-modified 
vesicles allowed us to calculate the amount 
of non-functionalised amine-polymers in 
percentage. The yield of DIBAC-OSu immo-
bilisation was determined as almost quan-
titative, whereas BCN-OSu and MeOND-OSu 
attached little less yet still very efficient; 
94%, 89% and 76%, respectively, of all the 
amino-groups on the outer surface carried 
a click probe.
Finally, the accessibility of the three dif-
ferent copper-free clickable moieties immo-
Figure 2.6  |  The amount of co-assembled ami-
no–PEG–PS 5 that was labelled with rhodamine 
B isothiocyanate is plotted against the UV-Vis ab-
sorption of the fluorophore at 557 nm. The data 
were corrected for unspecific absorption of the 
polymersomes.
Table 2.2  |  UV-Vis absorption values at 557 nm 
of the MeOND, BCN and DIBAC post-functional-
ised polymersomes of which the residual amino-
handles are labelled with rhodamine B isothiocy-
anate.
Probe Intensity 
at 557 nm
(A.U.)
Non-functionalised 
H2N-polymer 5
(in %; out of 10 wt%) 
MeOND 0.04 24
BCN 0.02 11
DIBAC 0.01 4 
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of H2N-PEG-b-PS255 (5). Although the DPn of 
PS emerged to be somewhat lower for 15 
than for 5, this was suspected to influence 
the system significantly. Polymer 15 was 
successfully co-assembled (10 wt%) with 
PEG–PS 2 into stable vesicles. The amino-
exhibiting polymersomes were subjected 
to surface modification with MeOND-OSu, 
BCN-OSu or DIBAC-OSu in phosphate buffer 
at pH 7.8 and after extensive purification 
treated with N3-coumarin–PEG in a fluoro-
genic assay (Fig 2.8, red traces).   
Similar to our findings for PEG66-block 
copolymer 5, the intrinsic reactivity order of 
the three click probes towards azide moi-
eties was preserved when using amino–
PEG44–PS 15; the fluorogenic assay displayed 
the highest cycloaddition for DIBAC and the 
lowest for MeOND after 100 minutes. Nev-
ertheless, the fastest observed Cu-free click 
reaction for post-functionalised H2N-PEG44–
PS containing vesicles (DIBAC 44 in Figure 
2.7) was still proceeding more sluggishly 
than the slowest conjugation on polymer-
somes comprised of amino–PEG66 polymer 
point with N3-coumarin–PEG44 than rhoda-
mine (Figure 2.6) can be explained by their 
substantial difference in hydrodynamic 
diameter and thus ability to cover the sur-
face. As depicted in Figure 2.4f, the studies 
with post-immobilised DIBAC vesicles re-
vealed the fastest reaction rates. The final 
degree of coumarin functionalisation was 
approximately the same as for BCN-deco-
rated vesicles, probably once more due to 
surface saturation. Nonetheless, it is clearly 
perceptible that by attaching the probes on 
the periphery of polymersomes after vesicle 
formation, the order of intrinsic reactivity – 
MeOND < BCN < DIBAC – was retained. We 
presume that with this approach the probes 
are forced to be exposed to the aqueous 
environment of the outer surface once im-
mobilised. When the moieties are already 
present on the amphiphiles during self-
assembly, they can become buried in the 
hydrophobic membrane interior, thereby 
becoming unavailable for further purposes.
2.2.4  |  Post-functionalised polymer-
somes: effect of linker length
We extended our study by varying the 
length of the PEG linker between the cop-
per-free ligation probe and the polymer-
some membrane. We previously employed 
PEG66 while the corona consisted of PEG44, 
thereby assuming that the probe would 
protrude from the surface. To verify this 
postulation, a second amino-containing 
PEG-b-PS block copolymer was prepared 
whose hydrophilic segment contained a 
DPn similar to the matrix polymer PEG44-b-
PS260 (2). For this reason, H2N-PEG44-b-PS225 
(15) was synthesised according to the same 
procedure as described for the construction 
Figure 2.7  |  Comparison between the acces-
sibility of post-assembly immobilised Cu-free 
click probes on incorporated H2N-PEG44–PS (red 
traces) and on H2N–PEG66–PS (blue traces) using 
a fluorogenic assay involving N3-coumarin–PEG44.
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saturation rather than the reactive probes 
not being exposed. Finally, we showed that 
protrusion of the functionalisable moieties 
from the membrane corona via a short link-
er significantly enhances their accessibility.
In conclusion, to successfully decorate 
the surface of polymeric nanovesicles, one 
has to consider the chemical properties of 
the desired functionality. Direct incorpora-
tion through co-assembly of the ligand-
containing polymer might seem to be the 
least laborious method, nevertheless, does 
not always afford the highest number of 
surface-exposed moieties. 
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2.5  |  Experimental section
2.5.1  |  Materials
Unless stated otherwise, all chemicals were 
used without further purification. Tetrahydro-
furan (THF) was distilled under Ar atmosphere 
from sodium/benzophenone; dichloromethane 
(CH2 Cl2) and triethylamine (Et3N) were distilled 
under Ar atmosphere from CaH2. The MilliQ wa-
ter utilised in the self-assembly and dialysis of 
polymersomes was double deionised with a Lab-
conco Water Pro PS purification system (18.2 MΩ). 
CuBr was purified by washing it with respectively 
glacial acetic acid, ethanol and diethylether, fol-
lowed by drying in vacuo and storage in the dark 
under Ar atmosphere. (1R,8S,9s)-Bicyclo[6.1.0]
non-4-yn-9-ylmethyl succinimidyl carbonate 
5 (MeOND 66 in Figure 2.7). Although it is not 
yet certain whether the immobilisation of 
the conjugation entities, or their accessibili-
ty once attached is causing difficulties, a PEG 
linker which is longer than the surrounding 
corona segment evidently improves surface 
functionalisation. 
2.3  |  Conclusions
The goal of this work was to gain more in-
sight into the accessibility of functional 
groups on the surface of polymeric vesicles. 
We established that there can be a large 
difference between exposure of function-
alities depending on whether these species 
are attached to the water-soluble segment 
of amphiphilic block copolymers prior to 
self-assembly, or immobilised on preformed 
vesicular membranes. The SPAAC reaction 
was selected as a model system for our 
investigation and the behaviour of three 
copper-free clickable probes varying in size, 
hydrophobicity and intrinsic reactivity to-
wards azides was studied on the periphery 
of polymersomes. We demonstrated that 
the most hydrophilic yet inherently slow-
est reacting MeOND-moiety gave superior 
cycloaddition results when attached to the 
polymers prior to assembly, presumably 
because the faster but more hydrophobic 
cyclooctyne probes were partially buried in 
the polystyrene segment thereby being less 
available for further reactions. The intrinsic 
order of reactivity of the studied probes 
was, however, maintained when the moie-
ties were coupled to the preformed polym-
ersome outer membrane suggesting that 
this approach worked equally well for all 
three probes. Now, the maximal degree of 
triazole formation was dictated by surface 
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isation (ESI) on a JEOL AccuToF. 
Molecular weights of the block copolymers 
were measured on a Shimadzu size exclusion 
chromatograph equipped with a guard col-
umn, a Polymer Laboratories PLgel 5 µm mixed D 
column and differential refractive index (RI) and 
UV (λ: 254 nm) detection. The system was eluted 
with THF (analysis grade) using a flow rate of 1.00 
mL/min at 35 °C. The calibration was performed 
with polystyrene standards ranging from 580 to 
377,400 g/mol. 
Matrix-assisted laser desorption/ionisation 
time-of-flight (MALDI-ToF) mass spectra were 
recorded on a Bruker Biflex III spectrometer. Sam-
ples were prepared by mixing solutions of matrix 
trans-3-indoleacrylic acid (IAA, 50 µL of 20 mg/
mL) or trans,trans-1,4-diphenyl-1,3-butadiene 
(DPB, 50 µL of 20 mg/mL), silver trifluoroacetate 
(Ag·TFA, 50 µL of 5.0 mg/mL) and polymer (50 µL 
of 2.00 mg/mL) in THF. Spots of 0.3, 0.6 and 0.9 
µL were placed on the MALDI sample plate and 
air-dried before analysis.[56] 
For the self-assembly of polymersomes, 
a Harvard Apparatus PicoPlus syringe pump 
was used in combination with a 5 mL syringe 
equipped with a steel needle. The pump was cali-
brated to deliver water with a speed of 1.00 mL/h. 
Transmission electron microscopy (TEM) 
was performed on a JEOL JEM 1010 microscope 
with an acceleration voltage of 60 kV and 
equipped with a charge-coupled device (CCD) 
camera. Sample specimens were prepared by 
placing a drop of a much diluted aqueous vesicle 
solution on an EM science carbon coated copper 
grid (200 mesh). The grid was subsequently air-
dried for at least 4 hours. 
Fluorescence measurements were per-
formed on a PerkinElmer LS 55 luminescence 
spectrometer using a quartz cuvette (1.00 cm 
path length). The excitation wavelength (λex) 
was set at 340 nm and the emission wavelength 
(λem) at 418 nm. The spectra were recorded using 
excitation and emission slits of 7 nm and 5 nm, 
respectively. To monitor the reaction progress in 
time, a spectrum was recorded (duration of 1.0 s) 
every 30 s for 100 minutes. In between each mea-
surement, the lamp was automatically switched 
was purchased from SynAffix©. α-ω-Diamine–
poly(ethylene glycol)66, amide-linked 3-azido-
coumarin-terminated poly(ethylene glycol)44 and 
α-amino–poly(ethylene glycol)44-b-polystyrene225 
were synthesised by S. F. M. van Dongen, A. J. 
Dirks and S. M. C. Bruekers, respectively. All other 
reagents and solvents were of the highest quali-
ty grade available and acquired from commercial 
sources. 
If no further details are given, reactions 
were carried out under ambient atmosphere 
and temperature. Analytical thin layer chroma-
tography (TLC) was performed on Merck 60 F254 
silica gel-coated plates (layer thickness 0.25 mm) 
using the indicated solvent mixture; visualisation 
was performed using ultraviolet (UV) irradiation 
(λ: 254 nm and/or 366 nm) and/or staining with 
KMnO4. Purifications by silica gel column chro-
matography were carried out using Silicycle silica 
gel (0.040–0.043 mm and ca. 6 nm pore diame-
ter)
2.5.2  |  Instrumentation
Nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker DMC300 (300 MHz for 1H, 75 
MHz for 13C), a Varian Inova 400 (400 MHz for 1H) 
or a Bruker Avance III 500 (500 MHz for 1H, 125 MHz 
for 13C) spectrometer. 1H NMR chemical shifts (δ) 
are reported in parts per million (ppm) relative 
to a residual proton peak of the solvent; δ: 7.26 
for CDCl3 and δ: 3.31 for CD3OD. Multiplicities are 
reported as s (singlet), d (doublet), t (triplet), q 
(quintet), p (pentet) and m (multiplet). Broad sig-
nals are indicated by the addition of br. Coupling 
constants are reported as the J value in Hertz 
(Hz). The number of protons (n) for a given reso-
nance is indicated as nH and is based on spectral 
integration values. 13C NMR chemical shifts (δ) are 
reported in ppm relative to a carbon peak of the 
solvent; δ: 77.0 for CDCl3 and δ: 49.0 for CD3OD.
Fourier transform infrared spectroscopy 
(FT-IR) spectra were recorded on an ATI Matson 
Genesis Series FT-IR spectrometer fitted with an 
attenuated total reflectance (ATR) cell. The vibra-
tions (ν) are given in cm-1. 
High resolution mass spectrometry (MS) 
analyses were performed using electrospray ion-
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1100, 949, 847 cm-1; SEC (THF): Mn = 2.2 × 103 g/
mol, Mw/Mn = 1.06.
α-Methoxy–poly(ethylene glycol)44-b-poly-
styrene260 (2)
O
O
Br
260
O
MeO 44
Modified literature procedure:[52] a Schlenk tube 
was charged with CuBr (45 mg, 0.32 mmol) and 
a stirring bar. The tube was evacuated for 15 min 
and refilled with Ar (3 ×) whereupon the stopper 
was replaced by a rubber septum under positive 
Ar pressure. N,N,N’,N”,N”-pentamethyldiethylene-
triamine (PMDETA, 66 mL, 0.32 mmol) in anisole 
(0.5 mL) was added via a syringe. The mixture was 
vigorously stirred for 15 min and styrene (5.00 mL, 
43.6 mmol) in anisole (1.0 mL) was added. After 
degassing the solution with Ar for 15 min, the 
tube was cooled to 0 °C and macro-initiator 1 (215 
mg, 0.100 mmol) in anisole (0.5 mL) was injected 
into the solution. The stirred solution was de-
gassed for an additional 15 min and subsequent-
ly transferred into a preheated oil bath at 90 °C. 
The mixture was allowed to react at 90 °C and the 
conversion was monitored by SEC analysis and 
1H NMR spectroscopy. Upon attainment of the 
required molecular weight, the polymerisation 
was terminated by removal of the heat source 
and the rubber septum. The viscous solution was 
diluted with CH2Cl2 (75 mL) and extracted with 
aqueous ethylenediaminetetraacetic acid (EDTA, 
2 × 150 mL of 65 mM). The combined aqueous 
phases were washed with CH2Cl2 (75 mL) where-
upon the merged organic layers were dried over 
magnesium sulfate (MgSO4) and concentrated. 
The crude was precipitated twice in MeOH (200 
mL) from a little CH2Cl2, filtered and dried under 
vacuum overnight to obtain the pure product as 
a white solid (2.66 g, 90%). 
1H NMR (400 MHz, CDCl3) δ: 7.36-6.38 (br. s, 
PS arom.), 3.85-3.43 (br. s, PEG backbone), 3.38 (s, 
3H, CH3OCH2), 2.27-1.24 (br. s, PS backbone), 0.84 
(br. m, 6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 144.8, 127.5, 125.2, 70.1 (PEG backbone), 
46.2-40.7 (PS backbone), 39.9 (2C, COC(CH3)2CH2); 
off until 2.0 s before the next measurement. The 
spectrophotometer was equipped with a RM6 
Lauda temperature controller fixed at 21 °C. 
UV-Vis spectra were recorded on a Varian 
Cary-50 SPD-10AV spectrometer using a quartz 
cuvette with a path length of 1.00 cm.
2.5.3  |  Synthetic procedures
α-Methoxy–poly(ethylene glycol)44-ω-isobu-
tyrylbromide (1)
MeO
O
O
44
O
Br
Modified literature procedure:[52] α-methoxy–
poly(ethylene glycol)44-ω-hydroxide (MeO-PEG44-
OH, 5.00 g, 2.50 mmol) was dried by co-evap-
oration with toluene (20 mL) using a rotary 
evaporator. The polymer was dissolved in freshly 
distilled THF (50 mL) in a flame-dried Schlenk 
flask equipped with a stirring bar. After addition 
of Et3N (dry, 1.04 mL, 7.50 mmol), the mixture was 
cooled to 0 °C. Finally, α-bromoisobutyryl bro-
mide (616 µL, 5.00 mmol) was added dropwise 
via a syringe. The reaction mixture was stirred for 
18 hours while slowly warming to room tempera-
ture. The white precipitate was filtered off and 
the solvent was evaporated in vacuo. The crude 
product was re-dissolved in a little THF and the 
remaining triethylamine salt was removed by fil-
tration (2 ×). Next, the volume of the solution was 
reduced to 10 mL and the polymer was precipi-
tated by subsequently dripping the solution into 
stirring diethylether (Et2O, 300 mL). The suspen-
sion was stored in the freezer for 1 h whereup-
on the white precipitate was filtered off, washed 
with ice-cold Et2O and dried under vacuum over-
night. The product was obtained as a white solid 
(4.54 g, 85%). 
1H NMR (400 MHZ, CDCl3) δ: 4.29 (t, J = 1.4 
Hz, 2H, CH2CH2OC(O)C(CH3)2Br), 3.78 (t, J = 1.4 Hz, 
2H, CH2CH2OC(O)C(CH3)2Br), 3.60 (br. s, PEG back-
bone), 3.51 (m, 2H, CH3OCH2), 3.34 (s, 3H, CH3OCH2), 
1.90 (s, 6H, (CH3)2Br) ppm; 13C NMR (75 MHz, CDCl3) 
δ: 171.5 (C=O), 71.8, 70.5 (br. s, PEG backbone), 68.6, 
65.0, 58.9, 55.6, 30.6 (2C, CH2CH2OC(O)C(CH3)2Br) 
ppm; FT-IR νmax film: 2868, 1733 (νC=O), 1642, 1461, 
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43.8-40.4 (PS backbone) ppm; FT-IR νmax film: 
3025, 2922, 1943, 1869, 1805, 1720 (νC=O), 1601, 1492, 
1451, 909, 758, 698 cm-1; SEC (THF): Mn = 30.6 × 103 
g/mol, Mw/Mn = 1.04; MALDI-ToF MS: m/z = 27 kDa.
α-Carboxylic acid–polystyrene255 (4)
HO
O
O
255
tert-BuOOC-PS255 (3, 3.00 g, 0.113 mmol) was dis-
solved in 1,4-dioxane (dioxane, 30 mL) and con-
centrated HCl (1.50 mL of 37% solution) was add-
ed. The reaction mixture was refluxed at 110 °C 
for 18 h and the progress of the deprotection was 
monitored using 1H NMR spectroscopy. Upon 
completion of the reaction, the mixture was 
dried by rotary evaporation and subsequently 
redissolved in CH2Cl2 (15 mL). The crude was pre-
cipitated in MeOH (2 × 250 mL) and dried to the 
air overnight to obtain HOOC-PS255 as a white 
powder (2.74 g, 91%). 
1H NMR (400 MHz, CDCl3) δ: 7.28-6.30 (br. s, 
PS arom.), 2.32-1.23 (br. s, PS backbone), 0.96 (br. 
m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 145.6, 127.6, 125.5, 46.4-40.4 (PS back-
bone) ppm; FT-IR νmax film: 3024, 2922, 1943, 1874, 
1800, 1744, 1692 (νC=O), 1600, 1492, 1451, 908, 732, 
697 cm-1; SEC (THF): Mn = 29.3 × 103 g/mol, Mw/Mn 
= 1.07; MALDI-ToF MS: m/z = 26 kDa.
α-Amino–poly(ethylene glycol)66-b-polysty-
rene255 (5) 
N
H
O
O
255
O
O
H2N
66
Polymer 4 (560 mg, 21.1 µmol) was dissolved to-
gether with α-ω-amino–poly(ethylene glycol)66 
(480 mg, 160 µmol) and N,N-diisopropylethyl-
amine (DiPEA, 17.4 µL, 100 µmol) in N,N-dimethyl-
formamide (DMF, 12 mL). The solution was stirred 
for 10 min at 0 °C and (benzotriazol-1-yloxy)tri-
pyrrolidinophosphonium hexafluorophosphate 
(PyBOP, 42 mg, 80 µmol) was added. The reac-
tion was allowed to stir overnight, while slowly 
warming to room temperature. The progress of 
FT-IR νmax film: 3025, 2922, 2841, 1939, 1874, 1809, 
1722 (νC=O), 1601, 1492, 1452, 1109, 758, 698 cm-1; SEC 
(THF): Mn = 26.9 × 103 g/mol, Mw/Mn = 1.06; MALDI-
ToF MS: m/z = 29 kDa.
α-tert-Butyloxycarbonyl–polystyrene255 (3)
O
O
O
255
Modified literature procedure:[52] CuBr (45 
mg, 0.32 mmol) was added to a Schlenk tube 
equipped with a magnetic stirring bar. The tube 
was placed under vacuum for 10 min and re-
filled with Ar (2 ×) and the stopper was replaced 
by a rubber septum under positive Ar pressure. 
Next, PMDETA (66 µL, 0.32 mmol) in anisole (0.50 
mL) was added and the mixture was vigorously 
stirred for 15 min. After addition of styrene (5.74 
mL, 50.0 mmol), the solution was degassed for 
15 min. The Schlenk tube was cooled to 0 °C and 
tert-butyl α-bromoisobutyrate (27 µL, 0.14 mmol) 
in anisole (0.50 mL) was added via a syringe. 
While stirring, the solution was degassed for an 
additional 15 min and the tube was transferred 
to a preheated oil bath at 90 °C. The polymerisa-
tion was monitored using 1H NMR and SEC anal-
ysis. Upon reaching the desired polymer length, 
1-phenyl-1-trimethylsiloxyethene (1.91 mL, 9.28 
mmol) was added to quench the polymerisation. 
The mixture was stirred for 2 h before the septum 
was removed and the temperature was brought 
back to room temperature. CH2Cl2 (75 mL) was 
added to the viscous solution and the organic 
layer was extracted with aqueous EDTA (2 × 150 
mL of 65 mM). The water phases were washed 
once more with CH2Cl2 (75 mL) whereupon the 
combined organic layers were dried over MgSO4. 
After concentrating the solution till 10 mL by ro-
tary evaporation, the polymer was precipitated 
in MeOH (250 mL), filtered and dried overnight to 
obtain the pure product as a white solid (3.19 g, 
84%). 
1H NMR (400 MHz, CDCl3) δ: 7.25-6.30 (br. s, 
PS arom.), 2.31-1.26 (br. s, PS backbone), 1.24 (br. 
m, 9H, C(CH3)3), 0.96 (br. m, 6H, C(O)C(CH3)2CH2) 
ppm; 13C NMR (75 MHz, CDCl3) δ: 145.6, 127.8, 125.7, 
Chapter 2   |
60
and the solution was transferred to a separatory 
funnel. The mixture was extracted with aqueous 
NaCl (2 × 20 mL of 3 M), whereupon the organ-
ic phase was dried over MgSO4 and evaporated 
to dryness. The residue was dissolved in a little 
CH2Cl2 (5 mL), precipitated in MeOH (50 mL) and 
filtered to obtain the pure product as a white 
fluffy solid (95 mg, 70%). 
1H NMR (500 MHz, CDCl3) δ: 7.24-6.26 (br. s, 
PS arom.), 5.42 (s, bridgehead MeOND), 5.31 (s, 
bridgehead MeOND), 4.33 (m, 2H, MeOND–C(O)
NHCH2CH2C(O)), 3.66 (br. s, PEG backbone), 3.31 
(br. s, 2H, CH2OCH2CH2NH(O)), 3.09 (br. s, 2H, 
CH2OCH2CH2NH(O)), 2.28-1.21 (br. s, PS backbone), 
0.90 (br. m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR 
(125 MHz, CDCl3) δ: 145.3, 127.7, 125.6, 70.6 (PEG 
backbone), 46.1-40.4 (PS backbone) ppm; FT-IR 
νmax film: 3024, 2922, 2846, 1943, 1869, 1805, 1753, 
1731, 1662 (νC=O), 1601, 1492, 1451, 1103, 908, 757, 698 
cm-1; SEC (THF): Mn = 28.4 × 103 g/mol, Mw/Mn = 
1.05; MALDI-ToF MS: m/z = 30 kDa.
α-Bicyclononyne–poly(ethylene gly-
col)66-b-polystyrene255 (BCN–PEG66-b-PS255, 7)
N
H
O
OO
O
H
NO
O
25566
H
H
H2N-PEG66–PS255 5 (75 mg, 2.5 µmol) was added to 
a flame-dried Schlenk tube under Ar atmosphere 
equipped with a magnetic stirring bar. CH2Cl2 
(dry, 3.0 mL) was added to dissolve the polymer, 
which was followed by Et3N (dry, 1.97 µL, 25.0 
µmol). Finally, (1R,8S,9s)-bicyclo[6.1.0]non-4-yn- 
9-ylmethyl succinimidyl carbonate (BCN-OSu, 
2.90 mg, 10.0 µmol) dissolved in CH2Cl2 (dry, 1.0 
mL) was added and the reaction mixture was 
stirred for 20 h at room temperature. The solution 
was then diluted with some CH2Cl2 (2 mL) and 
precipitated in MeOH (50 mL) twice. The precipi-
tate was collected by filtration and lyophilised 
from dioxane (10 mL) to obtain the product as a 
white fluffy solid (54 mg, 72%). 
1H NMR (500 MHz, CDCl3) δ: 7.26-6.28 (br. s, 
PS arom.), 5.36 (m, 1H, BCN), 4.46 (d, J = 8.4, 1H, 
the coupling was monitored by SEC analysis. For 
workup, the mixture was diluted with CH2Cl2 (30 
mL) and extracted with aqueous NaHCO3 (30 mL 
of 4 wt% solution) and aqueous NaCl (sat. 30 mL). 
The organic phase was dried over MgSO4 and 
concentrated by rotary evaporation. The crude 
was purified using the Soxhlet method in MeOH 
(200 mL, 85 °C) followed by gradient column 
chromatography over silica gel (CH2Cl2:MeOH, 
10:0 to 9:1) to obtain product 5 as a light yellow 
solid (387 mg, 57%). 
1H NMR (400 MHz, CDCl3) δ: 7.41-6.28 (br. 
s, PS arom.), 3.65 (br. s, PEG backbone), 3.49 (m, 
2H), 3.31 (br. s, 2H,), 3.20 (t, J = 3.2, 2H, CH2), 3.09 
(br. s, 2H, CH2OCH2CH2NH(O)), 2.28-1.21 (br. s, PS 
backbone), 0.90 (br. m, 6H, C(O)C(CH3)2CH2) ppm; 
13C NMR (75 MHz, CDCl3) δ: 145.6, 127.6, 125.6, 70.6 
(PEG backbone), 45.9-40.4 (PS backbone) ppm; 
FT-IR νmax film: 3512, 3025, 2922, 1943, 1874, 1805, 
1748, 1658 (νC=O), 1600, 1492, 1451, 1100, 908, 730, 
698 cm-1; SEC (THF): Mn = 28.5 × 103 g/mol, Mw/Mn 
= 1.05; MALDI-ToF MS: m/z = 30 kDa.
α-Methyl-oxanorbornadiene–poly(ethylene 
glycol)66-b-polystyrene255 (MeOND–PEG66-b-
PS255, 6) 
N
H
O
OO
O
H
N
O
25566
H
N
O
O
CF3Me
A mixture of (1S,4R)-5-methyl-3-(trifluoro-
methyl ) -7- oxabic yclo[2 .2 . 1 ]hepta-2 ,5- di -
ene-2-carboxylic acid and (1S,4R)-6 meth-
yl-3-(tr i f luoromethyl)-7- oxabic yclo[2 .2 .1 ]
hepta-2,5-diene-2-carboxylic acid[44] (10 mg, 47 
µmol) was dissolved in CH2Cl2 (dry, 1.0 mL) in a 
flame-dried Schlenk tube under Ar atmosphere. 
The stirring solution was cooled to -20 °C and 
charged with Et3N (dry, 7.80 µL, 106 µmol) and 
ethyl chloroformate (4.5 mL, 47 µmol). After 30 
min, the solution was warmed to 0 °C and stirred 
for another 30 min. Finally, polymer 5 (135 mg, 
4.50 µmol) dissolved in CH2Cl2 (dry, 4.0 mL) was 
added via a syringe and the mixture was reacted 
overnight while slowly warming to room tem-
perature. For workup, CH2Cl2 (10 mL) was added 
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m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR (125 MHz, 
CDCl3) δ: 145.3, 127.9, 125.6, 70.6 (PEG backbone), 
46.1-40.4 (PS backbone) ppm; FT-IR νmax film: 
3024, 2921, 2850, 1943, 1869, 1805, 1748, 1662 (νC=O), 
1648, 1600, 1492, 1451, 1103, 909, 757, 698 cm-1; SEC 
(THF): Mn = 28.7 × 103 g/mol, Mw/Mn = 1.05; MALDI-
ToF MS: m/z = 30 kDa.
Methyl 3-((1S,4R)-5-methyl-3-(trifluorometh-
yl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-car-
boxamido)propanoate (9a) and methyl 
3-((1S,4R)-6-methyl-3-(trifluoromethyl)-7-ox-
abicyclo[2.2.1]hepta-2,5-diene-2-carboxam-
ido)propanoate (9b)
O
CF3
O
Me
NH
OMe
O
A mixture of (1S,4R)-5-methyl-3-(trifluoro-
methyl ) -7- oxabic yclo[2 .2 . 1 ]hepta-2 ,5- di -
ene-2-carboxylic acid and (1S,4R)-6-meth-
y l -3- t r i f luoromethyl ) -7 - oxabic yclo[2 .2 . 1 ]
hepta-2,5-diene-2-carboxylic acid[44] (100 mg, 
0.454 mmol, ratio of 1:1.1, respectively) was dis-
solved in CH2Cl2 (dry, 10 mL). After addition of 
methyl 3-aminopropionate hydrochloride (69.5 
mg, 0.498 mmol) and 4-(dimethylamino)pyri-
dine (DMAP, 110 mg, 0.902 mmol) the reaction 
mixture was cooled to 0 °C. N-(3-Dimethylami-
nopropyl)-N’-ethylcarbodiimide hydrochloride 
(EDC, 96 mg, 0.50 mmol) was added and the re-
action was stirred for 30 min at 0 °C and subse-
quently stirred overnight at room temperature. 
The reaction was diluted with CH2Cl2 (10 mL) and 
quenched with water (10 mL). The layers were 
separated and the water layer was extracted with 
CH2Cl2 (10 mL). The organic phases were com-
bined and washed with HCl (3 × 20 mL of 2 M), 
water (2 × 20 mL), aqueous NaCl (sat., 20 mL) and 
dried over MgSO4. The solvents were removed 
under reduced pressure and the crude product 
was purified by gradient column chromatogra-
phy (EtOAc:n-heptane, 1:4 to 1:2). The two sepa-
rated regioisomers were both obtained as white 
solids (9a, 20 mg, 14%; 9b, 30 mg, 21%). 
Analysis details of compound 9a: RF = 0.45 
BCN), 4.38 (q, J = 7.2, 2H, BCN), 3.65 (br. s, PEG 
backbone), 3.37 (m, 2H, BCN–OC(O)NHCH2CH2), 
3.30 (br. s, 2H, CH2OCH2CH2NH(O)), 3.08 (br. s, 
2H, CH2OCH2CH2NH(O)), 2.32-2.28 (m, BCN), 2.30-
1.28 (br. s, PS backbone), 0.89 (br. m, 6H, C(O)
C(CH3)2CH2) ppm; 13C NMR (125 MHz, CDCl3) δ: 
145.3, 127.0, 125.6, 70.6 (PEG backbone), 46.3-40.4 
(PS backbone) ppm; FT-IR νmax film: 3025, 2921, 
2850, 1939, 1869, 1805, 1744, 1718, 1661 (νC=O), 1601, 
1492, 1451, 1103, 909, 757, 733, 698 cm-1; SEC (THF): 
Mn = 28.6 × 103 g/mol, Mw/Mn = 1.05; MALDI-ToF 
MS: m/z = 30 kDa.
α-Aza-dibenzocyclooctyne–poly(ethylene 
glycol)66-b-polystyrene255 (DIBAC–PEG66-b-
PS255, 8)
N
H
O
OO
O
H
N
O
N O
25566
H2N-polymer 5 (130 mg, 4.33 µmol) was dis-
solved in DMF (dried over molecular sieves, 5.0 
mL) and 5-(11,12-didehydrodi-benzo[b,f]azo-
cin-5(6H)-yl)-5-oxopentanoic acid[47] (DIBAC, 8.3 
mg, 26 µmol) and DiPEA (4.4 µL, 25 µmol) were 
added to it. The solution was cooled to 0 °C 
and stirred for 10 min before PyBOP (13.5 mg, 
26.0 µmol) was added. The reaction was slowly 
warmed to room temperature while stirring it 
for 24 h. After diluting the mixture with CH2Cl2 (10 
mL), it was transferred to a separatory funnel and 
extracted with aqueous NaHCO3 (sat., 10 mL). The 
water layer was washed with CH2Cl2 (10 mL) once 
more and the merged organic phases were dried 
over MgSO4 and evaporated in vacuo. The re-
maining solid was precipitated twice from CH2Cl2 
(5 mL) in MeOH (50 mL) to obtain the product as 
an off-white powder (83 mg, 64%). 
1H NMR (500 MHz, CDCl3) δ: 7.32-6.30 (br. s, 
PS arom.), 5.16 (m, DIBAC), 4.96 (br. m, 2H), 3.66 
(br. s, PEG backbone), 3.37 (m, 2H, (O)CHNC-
H2CH2O), 3.32 (br. s, 2H, CH2OCH2CH2NH(O)), 3.08 
(m, 2H, CH2OCH2CH2NH(O)), 2.44-2.32 (br. m, 1H, 
DIBAC), 2.30-1.24 (br. s, PS backbone), 0.90 (br. 
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aqueous NaCl (sat., 20 mL) and dried over MgSO4. 
The solvents were removed by rotary evapora-
tion to obtain a mixture of 10a and 10b as a white 
solid (80 mg, 82%). Since the compounds were 
analysed as a mixture, the 1H NMR integrals are 
given as observed in the spectrum. For each sig-
nal is indicated to which of the two regioisomers 
the peak belongs. In the 13C NMR spectrum, the 
carbons which show an identical chemical shift 
for both regioisomers are indicated as one single 
peak; when clearly two signals were observed 
belonging to the two different regioisomers, the 
peaks are annotated with 10a or 10b. 
1H NMR (300 MHz, CD3OD) δ: 6.68 (p, J = 1.9 
Hz, 0.62H, 10b), 6.62 (p, J = 1.9 Hz, 0.38H, 10a), 5.54 
(s, 0.38H, 10a), 5.47 (s, 0.62H, 10b), 5.34 (s, 0.62H, 
10b), 5.28 (s, 0.38H, 10a), 3.60-3.44 (m, 2H, 10a + 
10b), 2.55 (t, J = 6.8 Hz, 2H, 10a + 10b), 2.07 (d, J = 
2.0 Hz, 1H, 10a), 1.98 (d, J = 1.6 Hz, 2H, 10b) ppm; 
13C NMR (75 MHz, CD3OD) δ: 175.3, 165.7 (10a), 165.6 
(10b), 157.4 (10a), 156.8 (10b), 156.3 (10a), 156.0 
(10b), 142.2 (q [142.9, 142.4, 141.9, 141.4], J = 36.2 Hz, 
CCF3), 135.7 (10b), 135.0 (10a), 122.5 (q [127.8, 124.2, 
120.7, 117.3], J = 268 Hz, CF3 of 10b), 122.0 (q [127.3, 
127.3, 120.2, 116.8], J = 268 Hz, CF3 of 10a), 90.7, 88.1 
(10b), 88.0 (10a), 85.2, 36.8, 34.6, 14.3 ppm; FT-IR 
νmax film: 3135, 2920, 1750, 1639, 1480, 1328, 1168, 
1134, 871 cm-1; HRMS (ESI+) m/z calcd for C12H13F-
3N1O4 [M+H]+ 292.0809, found 292.0797.
2,5-Dioxopyrrolidin-1-yl-3-((1S,4R)-5-meth-
yl-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]
hepta-2,5-diene-2- carboxamido)
propanoate (11a) and 2,5-dioxopyrroli-
din-1-yl-3-((1S,4R)-6-methyl-3-(trifluorometh-
yl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-car-
boxamido)propanoate (11b)
O
CF3
O
NH
O
O
N
O
O
Me
A mixture of carboxylic acids 10a and 10b (80 
mg, 0.28 mmol) was dissolved in CH2Cl2 (dry, 15 
mL) and charged with N-hydroxysuccinimide (63 
mg, 0.55 mmol). The reaction was cooled to 0 °C 
and DMAP (67 mg, 0.55 mmol) and EDC (211 mg, 
(EtOAc:n-heptane, 1:1); 1H NMR (400 MHz, CDCl3) 
δ: 6.56 (p, J = 1.9 Hz, 1H), 6.52 (br. s, 1H), 5.53 (s, 1H), 
5.34 (s, 1H), 3.71 (s, 3H), 3.70-3.64 (m, 1H), 3.61-3.53 
(m, 1H), 2.59 (t, J = 5.9 Hz, 2H), 2.0 (d, J = 2.3 Hz, 3H) 
ppm; 13C NMR (75 MHz, CDCl3) δ: 172.5, 162.4, 156.0, 
154.1, 144.2 (q [144.9, 144.4, 144.0, 143.5], J = 35.9 Hz, 
CCF3), 133.1, 122.3 (q [127.6, 124.1, 120.5, 117.0], J = 
269 Hz, CF3), 89.3, 84.1, 51.9, 35.0, 33.4, 13.8 ppm; 
FT-IR νmax film: 3343, 2890, 1731, 1653, 1537, 1338, 
1282, 1156, 1109, 875, 612 cm-1; HRMS (ESI+) m/z 
calcd for C13H15F3N1O4 [M+H]+ 306.0958, found 
306.0953. Analysis details of compound 9b: RF 
= 0.35 (EtOAc:n-heptane, 1:1); 1H NMR (400 MHz, 
CDCl3) δ: 6.70 (m, 1H), 6.46 (br. s, 1H), 5.55 (s, 1H), 
5.30 (s, 1H), 3.72 (s, 3H), 3.72-3.64 (m, 1H), 3.62-3.53 
(m, 1H), 2.59 (t, J = 5.9 Hz, 2H), 1.98 (s, 3H) ppm; 
13C NMR (75 MHz, CDCl3) δ: 172.5, 162.3, 154.3, 153.8, 
142.9 (q [143.6, 143.1, 142.6, 142.2], J = 36 Hz, CCF3), 
134.3, 122.7 (q [128.0, 124.5, 120.9, 117.4], J = 269 Hz, 
CF3), 86.9, 86.6, 51.9, 35.0, 33.4, 14.0 ppm; FT-IR νmax 
film: 3317, 2898, 1735, 1640, 1519, 1441, 1334, 1164, 
1164, 1130, 897, 607 cm-1; HRMS (ESI+) m/z calcd 
for C13H15F3N1O4 [M+H]+ 306.0958, found 306.0953.
3-((1S,4R)-5-Methyl-3-(trifluorometh-
yl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-car-
boxamido)propanoic acid (10a) and 
3-((1S,4R)-6-methyl-3-(trifluoromethyl)-7-ox-
abicyclo[2.2.1]hepta-2,5-diene-2-carboxam-
ido)propanoic acid 10b)
O
CF3
O
NH
OH
O
Me
A blend of methyl esters 9a and 9b (100 mg, 0.327 
mmol) was dissolved in THF (5.0 mL) and cooled 
to 0 °C. A LiOH solution in water (510 µL of 1.0 M, 
0.51 mmol) was added dropwise and the mixture 
was stirred overnight. Then, another portion of 
LiOH solution (510 µL of 1.0 M, 0.510 mmol) was 
added and the reaction was additionally stirred 
for 4 h. The mixture was hereupon neutralised 
using HCl (0.50 mL of 2 M) and extracted with 
EtOAc (2 × 10 mL). The organic layers were com-
bined and washed with water (2 × 20 mL) and 
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CH2Cl2 (dry, 15 mL) and EDC (776 mg, 5.00 mmol), 
DMAP (306 mg, 2.51 mmol) and N-hydroxysuc-
cinimide (288 mg, 2.50 mmol) were added. The 
reaction was stirred overnight and subsequent-
ly quenched with H2O (5.0 mL). The water phase 
was extracted with CH2Cl2 (2 × 10 mL) and the 
combined organic layers were washed with 
NaOH (2 × 15 mL of 0.1 M), HCl (3 × 20 mL of 2 M), 
water (2 × 20 mL) and aqueous NaCl (30 mL, sat.). 
After drying over MgSO4, the CH2Cl2 solution was 
concentrated to dryness under reduced pressure 
to obtain compound 12 as an off-white solid (370 
mg, 70%). 
1H NMR (400 MHz, CDCl3) δ: 7.69 (d, J = 8.4 
Hz, 1H), 7.43-7.26 (m, 7H), 5.16 (d, J = 13.8 Hz, 1H), 
3.67 (d, J = 13.8 Hz, 1H), 2.80 (br. s, 4H), 2.52 (td, J = 
16.5, 7.2 Hz, 1H), 2.46-2.35 (m, 2H), 1.98-1.78 (m, 3H) 
ppm; 13C NMR (75 MHz, CDCl3) δ: 171.9, 168.9 (2C), 
168.2, 151.4, 148.0, 132.2, 129.9, 128.5, 128.3, 128.1, 
127.8, 127.1, 125.5, 122.9, 122.6, 115.0, 107.7, 55.4, 33.1, 
29.9 (2C), 25.5, 20.1 ppm; FT-IR νmax film: 2915, 2854, 
1745, 1523, 1454, 1260, 1204, 1053 cm-1; HRMS (ESI+) 
m/z calcd for C24H21N2O5 [M+H]+ 417.1451, found 
417.1442.
α-tert-Butyloxycarbonyl–polystyrene225 (13)
O
O
O
225
The same procedure was applied as for the syn-
thesis of tBuOOC-PS255 (3). Pure tBuOOC-PS225 was 
obtained as a white solid (2.74 g, 66%). 1H NMR 
(400 MHz, CDCl3) δ: 7.24-6.28 (br. s, PS arom.), 2.13-
1.26 (br. s, PS backbone), 1.24 (br. s, 9H, C(CH3)3), 
0.94 (m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR (75 
MHz, CDCl3) δ: 144.8, 127.5, 125.2, 46.3-40.8 (PS 
backbone), 39.9 (2C, C(O)C(CH3)2CH2) ppm; FT-IR 
νmax film: 3025, 2923, 1943, 1878, 1800, 1722 (νC=O), 
1688, 1600, 1492, 1451, 909, 734, 698 cm-1; SEC 
(THF): Mn = 27.1 × 103 g/mol, Mw/Mn = 1.08; MALDI-
ToF MS: m/z = 24 kDa.
α-Carboxylic acid–polystyrene225 (14)
HO
O
O
225
1.10 mmol) were added whereupon the solution 
was slowly warmed to room temperature while 
stirring for 16 h. After quenching the reaction 
with H2O (20 mL) and diluting with CH2Cl2 (10 
mL), the layers were separated and the organic 
phase was washed with NaOH (2 × 20 mL of 0.1 
M), HCl (3 × 20 mL of 2 M) and water (20 mL) and 
subsequently dried over MgSO4. The solution 
was concentrated in vacuo to obtain the mixture 
of 11a and 11b as a yellow oil (55 mg, 50%). Since 
the compounds were analysed as a mixture, the 
1H NMR integrals are given as observed in the 
spectrum. For each signal is indicated to which 
of the two regioisomers the peak belongs. In the 
13C NMR spectrum, the carbons which show an 
identical chemical shift for both regioisomers are 
indicated as one single peak; when clearly two 
separate regioisomer signals were observed, the 
peaks are annotated with 11a or 11b. 
1H NMR (300 MHz, CDCl3) δ: 6.70 (p, J = 1.9 
Hz, 0.62H, 11b), 6.56 (p, J = 1.9 Hz, 0.38H, 11a), 5.55 
(br. s, 0.62H, 11b), 5.53 (br. s, 0.38H, 11a), 5.36 (br. 
s, 0.38H, 11a), 5.29 (d, J = 1.4 Hz, 0.62H, 11b), 3.76 
(q, J = 6.1 Hz, 2H, 11a + 11b), 2.94-2.88 (m, 2H, 11a 
+ 11b), 2.86 (br. s, 4H, 11a + 11b), 2.10 (d, J = 1.9 
Hz, 1.1H, 11a), 1.98 (d, J = 1.7 Hz, 1.9H, 11b) ppm; 
13C NMR (75 MHz, CDCl3) δ: 168.9 (2C), 167.2, 162.9 
(11a), 162.7 (11b), 155.9 (11a), 153.9 (11b), 153.7 (11b), 
153.6 (11a), 143.4 (q [144.2, 143.7, 143.2, 142.7], J = 37 
Hz, CCF3 of 11a + 11b), 134.3 (11b), 133.2 (11a), 122.4 
(q [127.3, 124.0, 120.8, 117.7], J = 237 Hz, CF3 of 11a 
+ 11b), 89.3 (11b), 86.9 (11a), 86.6 (11b), 84.1 (11a), 
35.1, 31.4, 29.7 (2C), 14.0 (11b), 13.9 (11a) ppm; FT-
IR νmax film: 2924, 1731, 1662, 1524, 1208, 1161, 1109, 
1066, 867, 590 cm-1; HRMS (ESI+) m/z calcd for 
C16H16F3N2O6 [M+H]+ 389.0961, found 389.0977.
(Z)-2,5-Dioxopyrrolidin-1-yl 5-(didehydrod-
ibenzo[b,f]azocin-5(6H)-yl)-5-oxopentanoate 
(12) 
N
O
O
O
N
O
O
DIBAC[47] (400 mg, 1.25 mmol) was dissolved in 
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vial was capped with a rubber septum and the 
solution was stirred for at least 30 min at room 
temperature. Then, ultrapure water (3.00 mL) 
was delivered to the polymer solution via a sy-
ringe pump at a rate of 1.00 mL/h while stirring 
the solution vigorously (cloud point at 0.25 mL 
of water). The turbid suspension was transferred 
into a dialysis membrane (Spectra/Por, molecu-
lar weight cut-off: 12,000–14,000 Da, flat width 
25 mm) which was swollen in the dialysis medi-
um for about 30 min. The polymersomes were 
dialysed against water (700 mL) for 24 h, while 
replenishing the water one time. The resulting 
cloudy solution was analysed with TEM.
2.5.5  |  Post-functionalisation of amino-function-
alised polymersomes
Post-modification of amino-functionalised 
polymersomes with a click probe
The NH2-polymersomes solution (2.00 mg poly-
mer/mL MilliQ) was mixed with phosphate buf-
fer (80 mM, pH 7.8) to yield a 20 mM phosphate 
concentration, and a little NaOH solution (1 M) 
was added to readjust the pH to 7.8. Then, 25 
equivalents of MeOND-OSu 11 (2.5 mM in DMF), 
BCN-OSu (2.5 mM in DMF) or DIBAC-OSu 12 (2.5 
mM in acetonitrile:dioxane, 1:1) was added with 
respect to the theoretically available NH2-groups. 
The reaction mixture was agitated at room tem-
perature for 6 h. The unreacted click probes were 
removed from the polymersomes by filtration 
followed by extensive washing with pure water 
over a 200 nm pore size (polycarbonate mem-
brane, 19 mm in diameter) filter using an Avanti 
Polar Lipids mini-extruder set. The sample was 
eventually obtained in a concentration of 2.0 mg 
polymer/mL MilliQ.
Coupling of rhodamine B isothiocyanate to 
amino-functionalised polymersomes with/
without a click probe 
 To determine the actual degree of immobil-
ised click probe on amino-functionalised poly-
mersomes, a small amount of each of the 10 
wt% containing amino-polymer 5 samples with 
post-introduced click probes was reacted with 
Polymer 13 was deprotected according to the 
procedure as described for HOOC-PS255 (4). The 
corresponding chemicals and amounts were as 
stated: tBuOOC-PS225 (2.50 g, 0.106 mmol), HCl 
(1.50 mL of 37% conc.) and dioxane (25 mL). After 
purification, the product was obtained as a white 
powder (1.82 g, 73%). 
1H NMR (400 MHz, CDCl3) δ: 7.24-6.28 (br. s, 
PS arom.), 2.13-1.15 (br. s, PS backbone), 0.90 (br. 
m, 6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 144.8, 127.5, 125.2, 46.3-40.8, 39.9 (2C, C(O)
C(CH3)2CH2) ppm; FT-IR νmax film: 3025, 2923, 1947, 
1878, 1805, 1692 (νC=O), 1600, 1492, 1452, 909, 734, 
698 cm-1; SEC (THF): Mn = 27.0 × 103 g/mol, Mw/Mn 
= 1.06; MALDI-ToF MS: m/z = 23 kDa.
α-Amino–poly(ethylene glycol)44-b-polysty-
rene225 (15) 
N
H
O
O
225
O
O
H2N
44
H2N-PEG44–PS225 15 was prepared using the same 
procedure as described for H2N-PEG66–PS255 (5). 
The following chemicals and amounts were used: 
HOOC-PS225 (500 mg, 21.6 µmol), α-ω-diamino–
poly(ethylene glycol)44 (473 mg, 225 µmol), DiPEA 
(17 mL, 98 µmol), PyBOP (35.6 mg, 67.5 µmol) and 
DMF (dried over molecular sieves, 7.5 mL). After 
extensive purification, the product was obtained 
as a light yellow solid (59.9 mg, 11%). 
1H NMR (400 MHz, CDCl3) δ: 7.36-6.26 (br. s, 
PS arom.), 3.65 (br. s, PEG backbone), 2.27-1.15 (br. 
s, PS backbone), 0.94 (br. m, 6H, C(O)C(CH3)2CH2) 
ppm; 13C NMR (75 MHz, CDCl3) δ: 144.9, 127.5, 125.2, 
70.0, 46.2-40.7, 39.9 (2C, C(O)C(CH3)2CH2) ppm; 
FT-IR νmax film: 3059, 3025, 2922, 2358, 1943, 1869, 
1800, 1645 (νC=O), 1601, 1492, 1452, 1104, 908, 844, 
758, 698 cm-1; SEC (THF): Mn = 25.9 × 103 g/mol, 
Mw/Mn = 1.05; MALDI-ToF MS: m/z = 26 kDa.
2.5.4  |  Polymersome preparation procedures
Modified literature procedure:[51] a blend of se-
lected block copolymers (in total 10 mg, ratio in 
wt%) was dissolved in a mixture of distilled THF 
and dioxane (1.00 mL, 60:40 by volume) in a 15 
mL vial charged with a magnetic stirring bar. The 
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[2] M. A. Gauthier and H. A. Klok, Chem. 
Commun. 2008, 2591-2611.
[3] M. Shelbourne, X. Chen, T. Brown and A. 
H. El-Sagheer, Chem. Commun. 2011, 47, 
6257-6259.
[4] A. H. El-Sagheer and T. Brown, Chem. Soc. 
Rev. 2010, 39, 1388-1405.
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Ang. Chem., Int. Ed. 2008, 47, 10030-10074.
[16] I. van Baal, H. Malda, S. A. Synowsky, J. L. J. 
van Dongen, T. M. Hackeng, M. Merkx and 
E. W. Meijer, Angew. Chem., Int. Ed. 2005, 
44, 5052-5057.
[17] S. S. van Berkel, M. B. van Eldijk and J. C. M. 
van Hest, Angew. Chem., Int. Ed. 2011, 50, 
8806-8827.
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Macromol. Rapid Commun. 2011, 32, 
1362-1366.
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Hilderbrand, R. Weissleder and M. G. 
Bawendi, J. Am. Chem. Soc. 2010, 132, 
7838-7839.
[20] M. F. Debets, C. W. J. van der Doelen, F. P. J. 
T. Rutjes and F. L. van Delft, ChemBioChem 
2010, 11, 1168-1184.
[21] M. Meldal and C. W. Tornøe, Chem. Rev. 
2008, 108, 2952-3015.
[22] E. Saxon and C. R. Bertozzi, Science 2000, 
287, 2007-2010.
[23] H. Staudinger and J. Meyer, Helv. Chim. 
rhodamine B isothiocyanate and after purifi-
cation analysed with UV-Vis spectroscopy. The 
measured absorbances were compared with re-
sults obtained from polymersomes containing 5, 
10 and 20 wt% of NH2-PEG–PS 5 which were re-
acted with rhodamine B isothiocyanate.
A typical procedure to couple rhodamine 
B isothiocyanate is as follows. The polymersome 
dispersion in MilliQ with or without the required 
immobilised click probe (250 µL, 2.0 mg polymer 
per mL MilliQ) was basified with aqueous NaH-
CO3 (10 µL, sat.). The cloudy solution was charged 
with rhodamine B isothiocyanate (10 equiv. with 
respect to the amount of available NH2 groups; in 
the event of click probe-functionalised polymer-
somes the initial amount of available NH2 groups 
was taken), the reaction mixture was vortexed 
for 10 s and then shaken at room temperature for 
2 h. The unreacted rhodamine B isothiocyanate 
was removed by filtration followed by an exten-
sive washing procedure with pure water over a 
200 nm pore size filter using a mini-extruder set. 
The pink polymersomes were finally diluted with 
MilliQ to yield a concentration of 0.50 mg/mL 
and placed in a quartz cuvette (pathlength 1.00 
cm). The absorbance at λ: 557 nm was measured 
with UV-Vis spectroscopy.
Strain-promoted azide–alkyne cycloaddition 
(SPAAC) on click probe-functionalised polym-
ersomes
The requisite click-probe functionalised poly-
mersome solution in MilliQ (500 µL, 2.0 mg 
polymer per mL) was further diluted with pure 
water (1500 µL) in a quartz cuvette with a 1.00 
cm path length. After addition of amide-linked 
3-azidocoumarin terminated poly(ethylene gly-
col)44 (N3-coumarin–PEG44, 1.00 mg, 0.48 µmol) in 
water (500 µL), fluorescence spectroscopy mea-
surements were immediately started to monitor 
SPAAC on polymersomes. All experiments were 
performed in duplo or triplo at a conditioned 
temperature of 21 °C.
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3
Cofactor regeneration in polymer 
assemblies; enzymatically cata-
lysed Baeyer–Villiger reactions
Cells are often referred to as the building 
stones of life. These little “factories” of nature 
can only exist because a phospholipid mem-
brane embraces all subcellular components 
into a confined space. Because polymeric 
membranes are considered as the artificial 
analogue of phospholipid membranes, the 
deployment of polymer assemblies as na-
noreactors is a widely studied topic in order 
to create synthetic organelles, and in the fu-
ture perhaps even man-made cells.
In this chapter, the application of pol-
ystyrene-based polymeric nanoreactors is 
described. Hereto, the amphiphilic block 
copolymer PIAT-b-PS was employed since 
it self-assembles into innately porous con-
structs that are permeable to small mole-
cules but not to large biomolecules such as 
enzymes. By encapsulating the cofactor re-
generating enzyme G6PDH in the lumen of 
these semi-permeable PIAT–PS reactors, we 
demonstrated that it is possible to perform 
enzymatically catalysed Baeyer–Villiger re-
actions in solution while the regeneration 
of cofactor NADP+ to NADPH occurred in 
seclusion inside the assemblies. In these 
experiments, the Baeyer–Villiger monooxy-
genase was either free in solution or cova-
lently attached to the outer surface of the 
polymeric constructs. This novel-developed 
regeneration system entailed a better in-
sight into the diffusion efficiency of small 
molecules into PIAT-b-PS nanoreactors.
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was recently constructed by covalently fus-
ing the thermostable BVMO phenylacetone 
monooxygenase (PAMO) from Thermobifida 
fusca[15] with PTDH.[16, 17]
Polymersomes, assemblies of amphi-
philic block copolymers in aqueous medi-
um, have drawn particular attention in the 
last few years due to their resemblance to 
liposomes and cell membranes;[18] they are 
increasingly studied as model-templates 
for cell-like constructs and thereby of im-
portance for both the field of biology and 
chemistry.[19] Compared with liposomes that 
are composed of small phospholipids or sur-
factants, high molecular weight polymer-
based bilayer membranes exhibit superior 
chemical and physical stability.[20, 21] Also, the 
chemical structure of the amphiphilic block 
copolymers can easily be modified, which 
provides polymersomes with properties 
suited for a range of applications.[22-25] 
The main drawback of a physically 
robust vesicle is the drastic decrease in 
permeability, which impedes diffusion of 
molecules both in and out of the polymer-
some. Block copolymers that self-assem-
ble into an intrinsically porous bilayer can 
offer a solution to this problem, as has 
been demonstrated for the amphiphilic 
poly(3-(isocyano-L-alanyl-amino-ethyl)-
thiophene)-b-polystyrene (PIAT-b-PS) block 
copolymer.[26, 27] PIAT-b-PS vesicles proved to 
be permeable for small molecules but not 
for large biomolecules such as enzymes. 
For that reason, these polymersomes are 
greatly beneficial for biocatalytic transfor-
mations since they protect the enzymatic 
activity from harmful environmental effects 
while confining the reaction within the na-
nospace.[27, 28] We envisioned that semi-per-
meable vesicles should also be applicable 
The increasing interest in ‘‘green chemistry’’ 
processes has lately afforded an exponen-
tial growth of biocatalytic methodologies, 
in which enzymes are employed to perform 
organic reactions.[1, 2] For instance, oxidore-
ductases offer the possibility to perform 
oxidative processes with a high level of 
chemo-, regio- and/or enantioselectiv-
ity under mild and sustainable conditions.[3] 
Baeyer–Villiger monooxygenases (BVMOs) 
belong to a class of oxidative enzymes that 
can selectively catalyse the insertion of an 
oxygen atom adjacent to a carbonyl func-
tional group, as well as the oxygenation of 
different heteroatoms.[4-6] To sustain their 
activity, the flavin present in the BVMO’s ac-
tive site has to be reduced after each cata-
lytic cycle. Natural nicotinamide cofactors, 
such as nicotinamide adenine dinucleotide 
(phosphate) NAD(P)H, can be used as the 
electron supply for this purpose. However, 
stoichiometric use of this cofactor will not 
only severely hamper the efficiency of the 
biocatalytic reaction, it will also generate 
high costs when applied on a large scale.[7] 
In order to develop an employable, cell-
free BVMO-catalysed process, an efficient 
cofactor recycling system is required. Chem-
ical, electrochemical and photochemical 
techniques have been developed to over-
come this problem, but still are at an early 
stage.[8-10] In a more biomimetic approach, 
cofactor regeneration with isolated en-
zymes has been studied extensively, where-
by glucose-6-phosphate dehydrogenase 
(G6PDH), alcohol dehydrogenase (ADH) 
and phosphite dehydrogenase (PTDH) have 
shown promising prospects.[11-14] In addition, 
the ‘‘self-sufficient’’ biocatalyst CRE2-PAMO 
3.1  |  Introduction
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3.2.1  |  Encapsulation of CRE2-PAMO
The first objective of our study was to eval-
uate whether the cofactor NADPH and its 
oxidised NADP+ analogue could penetrate 
the PIAT-b-PS nanoreactors, despite their 
reasonably large (Mw: ~750) and multiply 
charged appearance. To this end, we select-
ed the self-sufficient Baeyer–Villiger mono-
oxygenase CRE2-PAMO for encapsulation in 
PIAT50-b-PS40 polymersomes; once NADPH 
enters, it can be oxidised and reduced in the 
same confined space. 
The polymers were self-assembled via 
the co-solvent method using 1,4-dioxane 
(dioxane, 16.6 vol%).[31] The choice for diox-
ane instead of the commonly applied tet-
rahydrofuran (THF) was motivated by the 
for enzymatic cofactor regeneration. How-
ever, at the beginning of this investigation, 
it was not clear whether the (rather large) 
size of the cofactor would pose any limita-
tions with respect to diffusion across the 
polymersome bilayer.
In this chapter, we report a novel co-
factor regeneration system for BVMO-cat-
alysed reactions with PIAT-b-PS nanoreac-
tors as biomimetic scaffolds for positional 
assembly of the essential enzymes (Figure 
3.1). Efficient cofactor regeneration was per-
formed when the fusion protein CRE2-PAMO 
or G6PDH was encapsulated in the lumen 
of the assemblies, while in the latter case 
PAMO was separately added to the disper-
sion. Covalent immobilisation[29, 30] of PAMO 
onto G6PDH-loaded constructs yielded a 
less efficient reaction.
Figure 3.1  |  Diagram depicting the regeneration of cofactor NADP+ by G6PDH inside PIAT-b-PS polymer-
somes to sustain the conversion of phenylacetone into benzylacetate catalyzed by PAMO. Two systems 
with encapsulated G6PDH were separately examined; PAMO in solution and PAMO covalently immobi-
lised on the surface. (The CRE2-PAMO system is not shown here.)
3.2  |  Results and discussion
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drastic decrease in enzymatic activity of 
CRE2-PAMO in the presence of THF, while 
addition of dioxane to the reaction mix-
ture still yielded quantitative conversion of 
phenylacetone in 5 h. Polymersomes with 
CRE2-PAMO in their lumen were therefore 
obtained by gentle injection of PIAT50-b-PS40 
in dioxane to Tris/HCl buffer (50 mM, pH 9.0) 
containing 1.56 mM of the biocatalyst. After 
30 min of equilibration, the organic solvent 
and non-encapsulated enzymes were re-
moved via size exclusion chromatography 
(SEC) and filtration using centrifugation. 
The integrity of the constructs of ~90 nm 
in diameter was corroborated with trans-
mission electron microscopy (TEM, Figure 
3.2). Although a clear membrane cannot 
be distinguished, PIAT–PS is thought to be 
arranged in an orderly fashion on the sur-
face since the constructs would otherwise 
be unstable. It is likely that during the fast 
self-assembly process, not only protein but 
also some polymer was encapsulated, ex-
plaining the high electron density observed 
inside.
3.2.2  |  Determination of encapsulation ef-
ficiency of CRE2-PAMO
Prior to the enzymatic activity studies, the 
incorporation efficiency of CRE2-PAMO was 
determined. Van Dongen et al. affirmed that 
encapsulation efficiencies of enzymes in 
PIAT–PS polymersomes lie around 20%;[29] 
a number much higher than expected 
based on statistical inclusion. In order to 
evaluate whether this high incorporation 
efficiency also occurred for our fused en-
zyme, we covalently linked a commercially 
available ruthenium complex with an iso-
thiocyanate moiety (bis(2,2’-bipyridine)-(5-
isothiocyanato-phenanthroline) rutheni-
um bis(hexafluorophosphate)) to the free 
amines – of the lysines and N-terminus – of 
CRE2-PAMO. Ru-CRE2-PAMO was subse-
quently encapsulated following the exact 
same procedure as for the non-labelled 
CRE2-PAMO. After removal of the non-en-
Figure 3.2  |  TEM micrograph of PIAT50-b-PS40 
nanoreactors containing CRE2-PAMO in their 
lumen. Due to a high enzyme density inside, 
a membrane cannot be clearly distinguished. 
Scale bars: 200 nm.
Labelled enzyme Location Initial quantity 
(nmol) 
Immobilised quantity 
(nmol) 
Efficiency 
(%)
CRE2-PAMO lumen 3.90 0.683 18
CRE2-PAMO lumen 3.90 0.794 20
Table 3.1  |  Encapsulation efficiency of CRE2-PAMO in assemblies composed of PIAT50-b-PS40 amphiphiles 
in duplo.  
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capsulated enzymes by SEC, inductively 
coupled plasma-mass spectrometry (ICPMS) 
was utilised to determine the amount of ru-
thenium, and hence the number of CRE2-
PAMO, in the polymeric nanoreactor sam-
ple. The encapsulation efficiencies of 18% 
and 20% indicate reproducibility and are in 
correspondence to literature (Table 3.1).[29]
3.2.3  |  Cofactor regeneration and en-
zymatic Baeyer–Villiger oxidation in 
CRE2-PAMO-loaded nanoreactors
The CRE2-PAMO-containing nanoreactors 
were mixed with phenylacetone (2.5 mM), 
NADPH and the co-substrate sodium phos-
phite in Tris/HCl buffer (50 mM, pH 9.0). 
The reaction mixture was shaken at 30 °C 
and the conversion was monitored with 
gas chromatography (GC) using extracts of 
reaction aliquots which were withdrawn 
in time. The results of the experiment, per-
formed in duplo, are presented in Figure 
3.3. Complete conversion of phenylacetone 
into benzylacetate within 15 h demonstrat-
ed that NADPH experienced no difficulties 
in penetrating the polymeric membrane. 
However, because of a decrease in the re-
action rate compared with CRE2-PAMO in 
solution, we assume that the diffusion of 
NADPH and other components inside the 
complexes had a significant effect on the 
substrate consumption. The reaction curve 
indicates furthermore steady-state kinet-
ics, suggesting that the cofactor and (co-)
substrate entered the nanoreactors with 
comparable ease, and that both parts of the 
fused enzyme remained active during the 
whole process.[16] 
3.2.4  |  Cofactor regeneration in G6PDH-
loaded nanoreactors with PAMO in solu-
tion
In the next step, we examined the effi-
ciency of the Baeyer–Villiger oxidation us-
ing PIAT–PS assemblies with the cofactor 
regeneration enzyme and monooxygenase 
located at different positions. In this set-up, 
the cofactor has to travel back and forward 
Figure 3.3  |  Biooxygenation of phenylacetone 
into benzylacetate in time by CRE2-PAMO in the 
lumen of PIAT-b-PS reactors. The observed vari-
ation of the reaction in duplo is indicated by the 
error bars.
Figure 3.4  |  A TEM micrograph showing PIAT50-
b-PS40 assemblies with G6PDH in the lumen. The 
membrane of the constructs cannot be clearly 
distinguished, assumingly due to the high en-
zyme concentration inside. Scale bar: 200 nm.
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assemblies, G6PDH was labelled with the 
previously mentioned Ru complex. Analysis 
of the Ru-G6PDH-containing vesicles with 
ICPMS revealed an encapsulation efficiency 
of 21%, which is comparable with results ob-
tained for CRE2-PAMO (Table 3.2).
To investigate the effects of a PIAT-b-
PS layer between G6PDH and PAMO on the 
biooxygenation of phenylacetone, G6PDH-
filled polymersomes were mixed with the 
substrate, NADPH and co-substrate glu-
cose-6-phosphate in Tris/HCl buffer at pH 
9.0. PAMO was finally added separately to 
through the polymer membrane to be con-
verted into the form that is of use for the 
other enzyme located outside the reactors. 
Hereto, the more THF-tolerant G6PDH was 
encapsulated in the lumen by addition of 
PIAT50-b-PS40 in THF to a solution of the en-
zyme (12.4 U/mL) in phosphate buffer (20 
mM, pH 7.4). After removal of the non-en-
capsulated G6PDH and the organic solvent 
molecules, the turbid solution was analysed 
with TEM (Figure 3.4). 
To assess the amount of cofactor re-
generating enzyme inside the polymer 
Labelled
enzyme
Location Initial quantity 
(nmol) 
Immobilised quantity  
(nmol) 
Efficiency (%)
G6PDH lumen 0.33 (31.0 U) 0.0699 (6.53 U) 21
G6PDH lumen 
(10 wt% anchor)a
0.33 (31.0 U) 0.0824 (7.70 U) 25
PAMO surface 4.64 1.05 30b
aG6PDH was encapsulated inside PIAT50-b-PS40 with 10 wt% N3-PEG66-b-PS. bMeasured immobilisation 
efficiency based on the absolute values is 23%; the given efficiency of 30% is dictated by the theoreti-
cally available amount of azides introduced via the anchor.
Table 3.2  |  Encapsulation efficiencies of G6PDH and immobilisation efficiency of PAMO.
Figure 3.5  |  Biooxygenation of phenylacetone into benzylacetate in time by a) G6PDH in the aqueous 
compartment while PAMO is dissolved in the surrounding solution (the concentration of G6PDH-loaded 
nanoreactors was varied while the concentration of all other components remained the same) and b) 
G6PDH inside PIAT-b-PS assemblies containing 10 wt% N3-PEG-b-PS with PAMO either in solution or im-
mobilised onto the membrane surface. All reactions were performed in duplo, the variation is indicated 
by the error bars.
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tration of all other components remained 
the same (ratio PAMO:G6PDH is 15:1). As 
shown in Figure 3.5a, the substrate was con-
sumed approximately twice as fast com-
pared with the reaction in which the ratio 
PAMO:G6PDH was 30:1.
3.2.5  |  Cofactor regeneration in G6PDH-
loaded nanoreactors with PAMO immo-
bilised on the surface
A high level of control over biochemical pro-
cesses in nature is gained through specific 
positional assembly of enzymes. Analogous 
to cells, polymeric nanoreactors can serve 
as scaffolds to position enzymes not only 
in the lumen but also in the membrane and 
onto the surface.[29] To expand our regenera-
tion system to a situation where all involved 
enzymes are spatially associated with only 
one polymer assembly, PAMO was cova-
lently immobilised on PIAT50-b-PS40-based 
complexes loaded with G6PDH. Hereto, we 
equipped the reactors with functional han-
dles for strain-promoted azide–alkyne cyc-
loaddition (SPAAC)[33, 34] via co-assembly of 
azido-containing anchor polymer N3-PEG66-
the dispersion in a – commonly employed 
– ratio of PAMO:G6PDH, 30:1. The reaction 
progress at 30 °C was monitored with GC, 
as given in Figure 3.5a. In 28 h, the substrate 
was converted for 32% into benzylacetate, 
which clearly verifies that the cofactor re-
generation can occur in a compartment 
isolated from the Baeyer–Villiger reaction. 
Nevertheless, the polymer membrane be-
tween the monooxygenase and cofactor 
regenerator is significantly decelerating the 
reaction rate; a comparable reaction with 
the two essential enzymes in solution yield-
ed full conversion in 30 min. The ostensibly 
S-shaped curve designates a two-enzyme 
reaction, in contrast to the usual steady-
state kinetics when both enzymes are in 
solution[32] and only PAMO is involved in the 
rate determining step. Hence, encapsula-
tion of G6PDH affected the overall reaction 
rate due to the more sluggish conversion 
of glucose-6-phosphate and thereby low-
er NADPH production which is required by 
PAMO. As comparison, additional activity 
measurements were carried out in which 
the concentration of G6PDH-containing 
complexes was doubled while the concen-
Scheme  3.1  |  Synthesis of N3-PEG66–PS52 (3) through coupling of propargylamine to α-carboxylic acid–
polystyrene52 (1), followed by a Cu(I)-mediated 1,3-dipolar cycloaddition to N3-PEG66-N3. 
N
H
O
OH
51HO
O
OH
51
NH2
ByBOP, DiPEA, DMF
0 °C to rt, 18 h
1 2    76%
3   26%
N
H
O
51
NN
NON3
66
OH
ON3
66
N3
CuBr, PMDETA
THF (destilled) 
Ar atm., rt, 18 h
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b-PS52 (3). 
The synthesis of block copolymer N3-
PEG–PS 3 started with an amide coupling 
between α-carboxylic acid-polystyrene52 
(1) and propargyl amine using (benzotri-
azol-1-yloxy)tripyrrolidinophosphonium 
hexafluorophosphate (PyBOP) as the cou-
pling reagent with N,N-diisopropylethyl-
amine (DiPEA) in N,N-dimethylformamide 
(DMF) (Scheme 3.1). The product, α-prop-
argylamide–polystyrene52 (2) was subse-
quently linked via a 1,3-dipolar cycloaddi-
tion to α-ω-diazido–poly(ethylene glycol)66 
under the influence of Cu(I) in THF at 40 °C 
under Ar atmosphere.[35] An excess of N3-
PEG66-N3 was used to prevent undesired 
PS–PEG–PS triblock formation. The rather 
low yield of azido–PEG–PS of 36% can be 
explained by the troublesome purification 
in order to remove the uncoupled PEG from 
the product. The molecular characteristics 
of the three polymers 1, 2 and 3 determined 
with size exclusion chromatography (SEC) 
and matrix-assisted laser desorption/ionisa-
tion time-of-flight (MALDI-ToF) mass spec-
trometry analysis are depicted in Table 3.3.
Entry Mn (SEC)a
(g mol-1)
PDI (SEC)b
(Mw/Mn)
DPnPS 
(MALDI)c
Md calcd
(Da)
m/z 
found
(Da)
Assigned
HOOC-PS52-OH (1) 5350 1.14 52 5512 5535 [M+Na]+
Alkyne–PS52-OH (2) 5560 1.12 52 5549 5587 [M+K]+
N3-PEG66-b-PS52-OH (3)  6660 1.06 52, 66 
(PEG)
8821 7900 -
aMolecular weights measured by SEC, calibrated with the hydrodynamic diameter of PS standards; 
PEG-containing block copolymers can give different Mn values than expected. bThe polydispersity in-
dex (PDI) was calculated by the quotient of Mw and Mn obtained by SEC measurements. cCalculated 
number average degree of PS polymerisation from the molecular weight obtained by MALDI-ToF anal-
ysis. dThe calculated molecular weight for the 100% isotope peak of M with the given DPn.
Table 3.3  |  Molecular characteristics of the polymers 1-3. 
H H
ON
H
O
N
N
N O
OO OH
NH2
BCN-OSu
phosphate buer
H H
ON
H
O
ClickGreen
phosphate buer
Scheme 3.2  |  PAMO was reacted wih BCN-OSu and the degree of functionalisation was examined by 
connecting the fluorescent probe ClickGreen-N3 via a SPAAC reaction.
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In order to immobilise PAMO on poly-
mersomes via SPAAC, the introduction of a 
reactive handle complementary to azides 
on the enzyme was requisite. For this pur-
pose, we selected the probe bicyclo[6.1.0]
nonyne (BCN) owing to its preferential com-
bination of accessibility and high reactivity.
[36] BCN with a succinimidyl carbonate group 
(BCN-OSu) was linked to the free, accessible 
amine of PAMO[37] under slightly basic condi-
tions in phosphate buffer (Scheme 3.2). Two 
methods were examined, of which the most 
prominent variable concerned a difference 
in enzyme concentration of either a) 100 µM 
or b) 300 µM. 
The efficiency of the coupling was 
subsequently verified through conjugation 
of azide-containing fluorescein derivative 
ClickGreen-N3.[38] After removal of the un-
bound ClickGreen-N3 from the enzyme solu-
tion, the fluorescence intensity of the sam-
ples with a known concentration (Figure 
3.6a) was compared to a calibration curve of 
the fluorescent probe recorded at an emis-
sion wavelength (λem) of 506.5 nm when ex-
cited (λex) at 495.0 nm (Figure 3.6b). 
Combination of the fluorescent spec-
tra of PAMO-ClickGreen with the calibration 
curve indicated that – assuming that only 
one amine per enzyme was available for 
reaction – 81% of PAMO was functionalised 
with a BCN-moiety using method a against 
97% applying method b (Table 3.4)
As demonstrated in Figure 3.7, the 
integrity of PAMO-BCN coupled to Click-
Green-N3 was confirmed with a 10% (w/v) 
polyacrylamide gel stained with Coomassie 
blue. Additionally, evaluation of the enzy-
Figure 3.6  |  a) Calibration curve of ClickGreen-N3 recorded at λex: 495 nm of which the intensity at λem: 
506.5 nm is plotted against the concentration; b) emission spectra of ClickGreen-N3 conjugated to BCN-
functionalised PAMO.
Entry [enzyme]
(nM)
intensity at 
506.5 nm (A.U.)
Calculated [Click-
Green-N3] (nm)
Ratio [enzyme]/
[ClickGreen-N3]
BCN-PAMO via method a 311 351 253 0.81
BCN-PAMO via method b 311 421 303 0.97
Table 3.4  |  Conjugation of ClickGreen-N3 via SPAAC to determine the degree of BCN-functionalisation 
of PAMO.
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with ICPMS, and amounted to 25% (Table 
3.2).
To preclude the possibility that co-
assembly of the anchor had an influence 
on the porousity of the polymersomes 
and thus the enzymatic activity of G6PDH, 
a Baeyer–Villiger reaction was performed 
with unmodified PAMO added to the dis-
persion in a ratio PAMO:G6PDH of 15:1. The 
progress curve in Figure 3.5b indicates that 
the consumption rate of phenylacetone is 
even slightly higher compared with plain, 
G6PDH-filled PIAT–PS constructs, probably 
as a result of the somewhat higher encapsu-
lation efficiency.
Finally, BCN-functionalised PAMO was 
conjugated to the azido-anchors incorpo-
rated in the G6PDH-loaded PIAT50-b-PS40 
assemblies by simply mixing the two com-
ponents in phosphate buffer. After 18 h of 
reaction time at 4 °C, the uncoupled PAMO 
was thoroughly removed by filtration us-
ing centrifugation. TEM analysis confirmed 
preservation of the integrity of the biohy-
brid nanoreactors (Figure 3.8b). The conju-
matic activity of PAMO-BCN revealed that 
no noticeable difference in catalytic prop-
erties could be observed; the substrate was 
still quantitatively converted within 5 h.
Prior to immobilisation of BCN-PAMO, 
G6PDH was encapsulated in polymer-
somes composed of PIAT50-b-PS40 with 10 
wt% of anchor N3-PEG66-b-PS52. TEM analysis 
showed the formation of robust, spherical 
assemblies (Figure 3.8a). The obtained en-
capsulation efficiency was again analysed 
Figure 3.7  |  Polyacrylamide gel electrophoreses 
confirmed the integrity of PAMO-BCN conjugat-
ed to ClickGreen-N3. Lane 1: unmodified PAMO; 
Lane 2: BCN-PAMO (method a) reacted with Click-
Green-N3; Lane 3: BCN-PAMO (method b) reacted 
with ClickGreen-N3.
Figure 3.8  |  TEM micrographs depicting complexes consisting of PIAT50-b-PS40 with 10 wt% N3-PEG66-
b-PS52 which a) contain G6PDH in their lumen or b) G6PDH inside while PAMO is immobilised on the 
membrane. Because of the high enzyme concentration inside the polymersomes, the membrane of the 
vesicles cannot be clearly distinguished due to the high enzyme concentration inside the lumen. Scale 
bars: 200 nm.
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employed as cofactor regeneration reac-
tors. Most efficient substrate conversions 
have been observed when monooxygen-
ase PAMO fused to a cofactor regeneration 
enzyme was encapsulated in the aqueous 
compartment of the vesicles. Encapsulation 
of the NADP+-regenerating G6PDH while 
PAMO was in solution also exhibited good 
performance. Diffusion of substrates and 
reagents through the polymer membrane 
was proven to be the rate determining fac-
tor in the reaction, as a higher concentra-
tion of G6PDH-filled nanoreactors resulted 
in a significantly enhanced Baeyer–Villiger 
oxidation. Finally, we developed a system 
where all involved enzymes were spatially 
compiled within one assembly by covalent 
attachment of PAMO to the 10 wt% co-as-
sembled anchor polymer N3-PEG66-b-PS52 
via SPAAC. Although the functionalisation 
of PAMO with a BCN-carbamate moiety did 
not affect its reactivity towards phenylace-
tone, surface immobilisation of the enzyme 
via SPAAC unfortunately afforded less active 
BVMO nanoreactors.
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3.5  |  Experimental section
3.5.1  |  Materials
Recombinant histidine-tagged PAMO[15] and its 
self-sufficient analogue CRE2-PAMO[16, 17] were 
gation efficiency was examined with PAMO 
that was labelled with Ru-complex (0.1 eq. 
per free amine) prior to BCN-functionalisa-
tion. Table 3.3 shows that 1.05 nmol PAMO 
was immobilised on the 10 wt% of anchor 
3. Assuming that the amount of N3-PEG66-b-
PS52 was equally distributed over the inner 
and outer monolayer of the membrane, 3.5 
nmol of azido-moieties were available for 
conjugation to the enzyme. This suggests 
that 30% of the azides on the surface were 
occupied by PAMO. Since our monooxyge-
nase is relatively bulky (65 kDa), it is likely 
that a certain percentage of the anchors be-
came inaccessible by coverage of enzymes 
that were ligated to other azido-polymers.
To evaluate the enzymatic activity of 
our biohybrid nanoreactors, they were incu-
bated with phenylacetone, glucose-6-phos-
phate and NADPH in Tris/HCl buffer (pH 
9.0) at 30 °C. After 5 h of reaction time, 3% 
of the phenylacetone was consumed, which 
reached a conversion of 5% within 24 h 
(Figure 3.5b). Although the reason for this 
lack of reactivity is not yet clearly defined, 
we consider either inaccessibility of the 
active site or deformation of the enzyme as 
a result of the immobilisation as plausible 
hypotheses, as well as the possibility that 
diffusion of NADPH through the membrane 
was hampered due to a surface covered in 
enzymes. 
3.3  |  Conclusions
In conclusion, we have designed polymeric 
nanoreactors self-assembled of PIAT50-b-
PS40 block copolymers that are capable of 
performing enzymatic Baeyer–Villiger ox-
idations. With this, we demonstrate for the 
first time that polymeric assemblies can be 
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tion time-of-flight (MALDI-ToF) mass spectra 
were recorded on a Bruker Biflex III spectrometer. 
Samples were prepared by adding together the 
solutions of the matrix trans-3-indoleacrylic acid 
(IAA, 50 µL of 20 mg/mL) or trans,trans-1,4-diphe-
nyl-1,3-butadiene (DPB, 50 µL of 20 mg/mL), sil-
ver trifluoroacetate (Ag·TFA, 50 µL of 50 µg/mL) 
and polymer (50 µL of 2.00 mg/mL) in THF. Spots 
of 0.3, 0.6 and 0.9 µL were placed on the MALDI 
sample plate and air-dried before analysis.[39]
Transmission electron microscopy (TEM) 
was performed on a JEOL JEM 1010 microscope 
with an acceleration voltage of 60 kV equipped 
with a charge-coupled device (CCD) camera. 
Sample specimens were prepared by placing a 
drop (10 µL) of a diluted aqueous vesicle solution 
on an EM science carbon-coated copper grid (200 
mesh) for 15 min. The grid was purified from salts 
and other impurities by placing a drop of MilliQ 
on it, which was immediately removed. The grid 
was finally air-dried for at least 3 hours and anal-
ysed without further treatment.
Inductively coupled plasma – mass spec-
trometry (ICPMS) measurements were per-
formed on a Thermo Fisher Scientific Xseries I 
quadrupole machine using 5.00 mL samples con-
taining either 2.0 mg/L AgOAc or 0.49 mg/L InCl3 
solutions as internal standard.
Fluorescence measurements were per-
formed on a PerkinElmer LS 55 luminescence 
spectrometer using a quartz cuvette (1.00 cm 
path length). The excitation wavelength was set 
at 495 nm and the spectra were recorded using 
excitation and emission slits of 5 nm.
Enzymatic activities were analysed with gas 
chromatography (GC), performed on a Shimadzu 
GC2010+ equipped with an Altech EC-1 column 
(30 m, 0.32 mmID, 0.25 µm DF) or HP-1 crosslinked 
methyl siloxane column (30 m, 0.32 mm, 0.25 µm 
FT) using FID detection.
3.5.3  |  Synthetic procedures
α-Propargylamide-polystyrene52 (2)
N
H
O
OH
51
over-expressed and purified as described pre-
viously. (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl-
methyl succinimidyl carbonate was purchased 
from SynAffix© and glucose-6-phosphate dehy-
drogenase from Sigma-Aldrich. PIAT50-b-PS40 and 
α-HOOC-PS52-OH were synthesised by H.-P. de 
Hoog and H.I.V. Amatdjais-Groenen, respectively. 
Tetrahydrofuran (THF) was distilled under 
Ar atmosphere from sodium/ benzophenone, di-
chloromethane (CH2Cl2) and triethylamine (Et3N) 
were distilled under Ar atmosphere from CaH2. 
The water utilised in the self-assembly and dial-
ysis of the polymer assemblies was double de-
ionised with a Labconco Water Pro PS purification 
system (18.2 MΩ). All other reagents and solvents 
were of the highest quality grade available and 
acquired from commercial sources. Unless stated 
otherwise, chemicals were used without further 
purification.
3.5.2  |  Instrumentation
Nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker DMC300 (75 MHz for 13C) and 
a Varian Inova 400 (400 MHz for 1H) spectrometer. 
1H NMR chemical shifts (δ) are reported in parts 
per million (ppm) relative to a residual proton 
peak of the solvent; δ: 7.26 for CDCl3. Multiplici-
ties are reported as s (singlet), d (doublet), t (trip-
let) and m (multiplet). Broad signals are indicated 
by the addition of br. Coupling constants are re-
ported as J value in Hertz (Hz). 13C NMR chemical 
shifts (δ) are reported in ppm, δ: 77.0 for CDCl3. 
Fourier transform infrared spectroscopy 
(FT-IR) spectra were recorded on an ATI Matson 
Genesis Series FT-IR spectrometer fitted with an 
attenuated total reflectance (ATR) cell. The vibra-
tions (ν) are given in cm-1.
Molecular weights of the block copolymers 
were measured on a Shimadzu size exclusion 
chromatograph equipped with a guard column, 
a Polymer Laboratories PLgel 5 µm mixed D column 
and differential refractive index (RI) and UV (λ: 
254 nm) detection. The system was eluted with 
THF of analysis grade, using a flow rate of 1.00 
mL/min at 35 °C. The calibration was performed 
with PS standards between 580 to 377,400 g/mol.
Matrix-assisted laser desorption/ionisa-
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THF (1.0 mL) were added. The solution was 
flushed with N2 for an additional 15 min, warmed 
to 40 °C and stirred for 48 h. The conversion was 
monitored using SEC analysis. Upon completion 
of the reaction, the mixture was diluted with 
CH2 Cl2 (20 mL) and extracted twice with aqueous 
ethylenediaminetetraacetic acid (EDTA, 20 mL 
of 65 mM). The water layers were washed once 
more with CH2Cl2 (20 mL), whereupon the com-
bined organic phases were dried over Na2SO4 
and evaporated in vacuo. The crude was purified 
by soxhlet extraction using MeOH (100 mL), fol-
lowed by column chromatography over silica gel 
(CH2Cl2:MeOH, 10:0 to 9:1) to obtain a white solid 
(32 mg, 16%). 
1H NMR (400 MHz, CDCl3) δ: 7.22-6.30 (br. 
m, PS arom.), 4.45 (m, 1H, CH2CH(C6H6)OH), 3.72-
3.60 (br. s, PEG backbone), 2.30-1.15 (br. m, PS 
backbone), 0.96 (br. s, C(O)C(CH3)2CH2), 6H) ppm; 
13C NMR (75 MHz, CDCl3) δ: 144.8 (PS arom.), 127.5 
(PS arom.), 125.2 (PS arom.), 70.1 (PEG backbone), 
44.2-40.7 (PS backbone), 39.9 (2C, C(O)C(CH3)2CH2) 
ppm; FT-IR νmax film: 3412, 2923, 2851, 2098, 1942, 
1865, 1738, 1680 (νC=O), 1601, 1492, 1453, 1107, 757, 
698 cm-1; SEC (THF): Mn = 6.66 × 103 g mol-1, Mw/Mn 
= 1.06; MALDI-ToF MS: m/z = 7.9 kDa.
Bicyclononyne (BCN)–functionalised pheny-
lacetone monooxygenase (PAMO) 
H H
ON
H
O
Prior to enzyme functionalization, the Tris/HCl 
buffer (50 mM, pH 7.5) for storage of phenylac-
etone monooxygenase (PAMO) was replaced by 
phosphate buffer (20 mM, pH 7.4) using an Am-
icon Ultra centrifugal filter with a 10 kDa cut-off 
membrane. A solution of PAMO (100 μL of 100 
μM) was concentrated by centrifugation (10,000 
rpm, 5 min, 4 °C) and the supernatant was redis-
solved in phosphate buffer (300 μL). This proce-
dure was repeated for a total of six washings and 
ended by adjusting the concentration of PAMO 
The polymer α-carboxylic acid-polystyrene52 1 
(296 mg, 53.7 µmol) was dissolved together with 
propargylamine (10.1 µL, 157 µmol) and N,N-diiso-
propylethylamine (DiPEA, 43.9 µL, 257 µmol) in 
N,N-dimethylformamide (DMF, dried over molec-
ular sieves, 7.5 mL). The solution was cooled to 0 
°C and stirred for 10 min. (Benzotriazol-1-yloxy)tri-
pyrrolidinophosphonium hexafluorophosphate 
(PyBOP, 92.0 µg, 1.77 µmol) was added and the 
mixture was stirred for 18 h, while slowly warm-
ing to room temperature. The reaction mixture 
was diluted with CH2Cl2 (75 mL) and extracted 
with aqueous NaHCO3 (5 wt%, 25 mL) and aque-
ous sodium chloride (sat., 25 mL). The organic 
phase was dried over Na2SO4 and concentrated 
till dryness using the rotary evaporator. Finally, 
the product was precipitated from CH2Cl2 (5 mL) 
in MeOH (100 mL), filtrated and dried overnight 
in a vacuum desiccator. The alkyne-function-
alised polymer was obtained as a white solid (226 
mg, 76%). 
1H NMR (400 MHz, CDCl3) δ: 7.22-6.30 (br. m, 
PS arom.), 3.53 (m, 2H, HCCCH2), 2.45 (m, 1H, CH2-
CH(C6H6)OH), 2.30-1.15 (br. m, PS backbone), 0.96 
(br. s, C(O)C(CH3)2CH2), 6H) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 144.9 (PS arom.), 127.5 (PS arom.), 125.2 
(PS arom.), 46.2-40.6 (PS backbone), 39.9 (2C, C(O)
C(CH3)2CH2) ppm; FT-IR νmax film: 3059, 3025, 2923, 
2849, 1939, 1865, 1800, 1740, 1671 (νC=O), 1601, 1492, 
1452, 907, 758, 698 cm-1; SEC (THF): Mn = 5.56 × 
103 g mol-1, Mw/Mn = 1.12; MALDI-ToF MS: m/z for 
[M+K]+ = 5588, found 5587.
α-Azido-poly(ethylene glycol)66-b-polysty-
rene52 (3)
N
H
O
51
NN
N
O
N3
66
OH
 
A flame-dried Schlenk tube under nitrogen at-
mosphere was charged with polymer 2 (200 
mg, 35.9 μmol) and α-ω-diazido-poly(ethylene 
glycol)66 (411 mg, 137 μmol)[40] in distilled THF 
(20 mL). The solution was degassed with N2 
for 15 min before CuBr (13.3 mg, 92.7 µmol) and 
N,N,N’,N”,N”-pentamethyldiethylenetriamine 
(PMDETA, 19.4 µL, 93.0 µmol) in freshly distilled 
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ing. The degree of ClickGreen-N3 conjugation 
was determined via a calibration curve of the 
compound using fluorescence spectroscopy.
3.5.4  |  Polymeric nanoreactor preparation proce-
dures
Preparation of co-enzyme regenerator en-
zyme – phenylacetone monooxygenase 
(CRE2-PAMO)-loaded nanoreactors
For assemblies containing CRE2-PAMO in their 
lumen, CRE2-PAMO (39 μL of 100 μM) was mixed 
with Tris/HCl buffer (2.46 mL, 50 mM, pH 9.0). To 
this solution, PIAT50-b-PS40 (0.50 mg) dissolved in 
1,4-dioxane (dioxane, 500 μL) was gently added 
in a dropwise fashion. The polymers were al-
lowed to self-assemble for 30 min. Dioxane and 
non-encapsulated CRE2-PAMO were removed by 
size exclusion chromatography over Sephadex 
G200 in Tris/HCl (50 mM, pH 9.0) buffer. The tur-
bid fractions were combined and concentrated 
till 100 μL using an Amicon UltraFree-MC centrifu-
gation (3,000 rpm, 4 °C) filter with a cut-off of 200 
nm. The nanoreactors were stored at 4 °C before 
use.
Preparation of glucose-6-phosphate dehy-
drogenase (G6PDH)-loaded nanoreactors
A solution of PIAT50-b-PS40 (0.50 mg) in distilled 
THF (500 μL) was slowly dripped into phos-
phate buffer (2.47 mL, 20 mM, pH 7.4) containing 
G6PDH (31 μL of 1000 U/mL). The turbid solution 
stood without perturbation for 30 min before pu-
rification via size exclusion chromatography over 
Sephadex G200 in phosphate buffer (20 mM, pH 
7.4). The polymersome containing solution was 
concentrated till 100 μL with a 200 nm cut-off 
Amicon UltraFree-MC centrifugation (3,000 rpm, 4 
°C) filter. The dispersion was stored at 4 °C before 
use.
Preparation of azido-functionalised G6PDH-
loaded nanoreactors
PIAT50-b-PS40 (0.45 mg) was dissolved together 
with N3-PEG66-b-PS52 (3) (10 wt%, 50 μg) in distilled 
THF (500 μL) and subsequently gently dripped 
into a solution of G6PDH (31 μL of 1000 U/mL) in 
till 100 or 300 μM for method a and b, respective-
ly.
Method a: (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-
9-ylmethyl succinimidyl carbonate (BCN-OSu, 2.0 
μg, 7 nmol) was dissolved in dimethylsulfoxide 
(DMSO, 1.0 μL) and added to a solution of PAMO 
(70 μL of 100 μM) in phosphate buffer (20 mM, 
pH 7.4) basified with Na2CO3 (70 μg). The reaction 
mixture stood overnight at 4 °C, whereupon it 
was further diluted with phosphate buffer (200 
μL), transferred to a 10 kDa membrane Amicon 
Ultra centrifugal filter and concentrated by cen-
trifugation (10,000 rpm, 5 min, 4 °C). The superna-
tant was redissolved in phosphate buffer (200 μL) 
and centrifuged again. This step was repeated 
five times. Finally, the BCN-functionalised PAMO 
was dissolved in phosphate buffer (20 mM, pH 
7.4) to yield a 200 μM enzyme concentration.
Method b: BCN-OSu (2.9 μg, 10 nmol) was 
dissolved in DMSO (1.0 μL) and added to a solu-
tion of PAMO (33 μL of 300 μM) in phosphate 
buffer (20 mM, pH 7.4). The reaction mixture was 
shaken at room temperature for 2.5 h, whereup-
on it was purified as described above.
Conjugation of ClickGreen-N3 to BCN-func-
tionalised PAMO
H H
ON
H
O
N
N
N O
OO OH
BCN-functionalised PAMO (0.78 μL of 200 μM) in 
phosphate buffer (20 mM, pH 7.4) synthesised 
by either method a or method b[29] was further 
diluted with the same buffer (1.12 μL) and sub-
sequently charged with ClickGreen-N3 (0.30 μL, 
1 mg/ mL in DMSO, 0.78 nmol).[38] The mixture 
was reacted for 3 h at room temperature. The un-
bound ClickGreen-N3 was removed by extensive 
washing via centrifugation using a 10 kDa mem-
brane Amicon Ultra centrifugal filter. The integrity 
of the enzymes was examined with a 10% (w/v) 
polyacrylamide gel followed by Coomassie stain-
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of the N-terminus and all present lysines for 
G6PDH). The bright yellow solution was shaken 
at room temperature for 2.5 h. 
The unbound ruthenium complex was 
removed by dialysis against phosphate buffer 
(20 mM, pH 7.4) using an Amicon Ultra centrif-
ugal filter with a 10 kDa cut-off membrane. The 
enzymatic solution was concentrated by cen-
trifugation (10,000 rpm, 5 min) and replenished 
with phosphate buffer. After performing anoth-
er five washing steps, the Ru-labelled enzyme 
was redissolved in phosphate buffer. BCN-PAMO 
was reacted with the Ru-complex prior to the 
BCN-functionalisation, as described above.
Preparation of Ru-labelled, enzyme-loaded 
nanoreactors
PIAT50-b-PS40 (0.50 mg) or a combination of PIAT50-
b-PS40 (0.45 mg) and N3-PEG66-b-PS52 (10 wt%, 50 
μg) was dissolved in distilled THF (500 μL). The 
polymer solution was gently added to Ru-la-
belled enzyme (39 μL of 100 μM for CRE2-PAMO; 
31 μL of 1000 U/mL for G6PDH) in phosphate buf-
fer (2.47 mL, 20 mM, pH 7.4). The constructs were 
allowed to stand for 30 min. Further treatment 
was equivalent to the procedure as described 
for the encapsulation of non-functionalised en-
zymes.
ICPMS analysis of bio-hybrid nanoreactors
The polymer nanoreactor suspensions, contain-
ing Ru-labelled enzymes, were lyophilised and 
subsequently destructed for 3 h in nitric acid 
(65%, 0.50 mL) at 80 °C. After cooling the sam-
ples to room temperature, an internal standard 
of AgOAc (1.50 mL of 2.00 mg/L) or InCl3 (1.50 mL 
of 0.49 mg/mL) was added. The total volume of 
each sample was adjusted to 5.00 mL with MilliQ. 
The measured values of Ru in ppb were ex-
pressed as molarities by standardising Ru-counts 
on Ag- or In-counts and by comparing the results 
to samples containing a known amount of Ru-la-
belled enzyme.
Activity assay for CRE2-PAMO
The enzyme CRE2-PAMO (39 μL of 100 μM in Tris/
HCl pH 7.5; 1.3 μM) was added to a mixture of phe-
phosphate buffer (2.47 mL, 20 mM, pH 7.4). Sub-
sequently, the same purification procedure as for 
G6PDH-loaded assemblies was followed.
Immobilisation of BCN-PAMO on azido-func-
tionalised G6PDH-loaded nanoreactors
A suspension of N3-functionalised PIAT–PS as-
semblies containing G6PDH in their lumen (100 
μL of 5.0 mg/mL polymer, of which 0.5 mg/mL 
N3-groups) was charged with BCN-functionalised 
PAMO (23.2 μL of 200 μM). The solution was short-
ly vortexed and then placed at 4 °C for 16 h.
The reaction mixture was transferred to an Am-
icon UltraFree-MC Eppendorf filter with a cut-off 
of 100 nm. The polymer assemblies were cen-
trifuged to dryness (3,000 rpm, 5 min, 4 °C) and 
the supernatant was redispersed in 500 μL phos-
phate buffer (20 mM, pH 7.4). This procedure was 
repeated for a total of five washings. Finally, the 
product was redissolved in the same phosphate 
buffer (100 μL) and stored at 4 °C until further use.
3.5.5  |  Enzymatic activity studies
Ru-labelling of enzymes
The Tris/HCl buffer (20 mM, pH 7.5), in which the 
enzymes were stored, was replaced by phos-
phate buffer (20 mM, pH 7.4) using a 10 kDa mem-
brane Amicon Ultra centrifugal filter. The enzy-
matic solution (100 μL of 100 μM for CRE2-PAMO 
and PAMO; 93 U of 1000U/mL for G6PDH) was 
concentrated by centrifugation (10,000 rpm, 5 
min) and the supernatant was replenished with 
MilliQ (300 μL). This procedure was repeated for a 
total of six washings. Finally, the enzyme in ques-
tion was redissolved in the same phosphate buf-
fer to obtain a concentration of 100 μM.
To the enzyme solution was added respec-
tively aqueous Na2CO3 (6.0 μL of 10 mg/mL) and 
bis(2,2’-bipyridine)-(5-isothiocyanato-phenan-
throline) ruthenium bis(hexafluorophosphate) 
(20 μL for CRE2-PAMO (21 NH2), 16 μL for PAMO 
(17 NH2), 3.3 μL for G6PDH (70 NH2); 1.00 mg/mL in 
MilliQ; 0.1 eq with respect to the total amount of 
primary amines of the N-terminus and all present 
lysines for CRE2-PAMO and PAMO, 0.05 eq with 
respect to the total amount of primary amines 
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μL). The organic layers were separated by centrif-
ugation (12,000 rpm, 5 min), combined and dried 
over Na2SO4. The mixture was directly analysed 
by GC to observe a substrate conversion of 100%.
Activity assay for G6PDH-loaded nanoreac-
tors; ratio G6PDH:PAMO is 1:30
A suspension of G6PDH-loaded polymer assem-
blies (95 μL, 5.0 mg polymer/mL) in phosphate 
buffer (20 mM, pH 7.4) was further diluted in Tris/
HCl buffer (440 μL, 50 mM, pH 9.0). This disper-
sion was subsequently added to a mixture of 
phenylacetone (5.07 μL of 1.00 M in DMSO; 8.40 
mM), NADPH (10.1 μL of 10 mM in Tris/HCl pH 7.5; 
0.17 mM) and glucose-6-phosphate (20.3 μL of 
500 mM in MilliQ; 16.8 mM). PAMO (20.3 μL of 100 
μM in Tris/HCl pH 7.5; 3.4 μM) was finally added 
and the reaction mixture was shaken at 30 °C. 
The reaction progress was analysed in a 
similar fashion to the procedure described for 
the CRE2-PAMO loaded constructs. 
Activity assay for G6PDH-loaded nanoreac-
tors; ratio G6PDH:PAMO is 1:15
A dispersion of nanoreactors (95 μL, 5.0 mg poly-
mer/mL) containing G6PDH in their lumen in 
phosphate buffer (20 mM, pH 7.4), was further 
diluted with Tris/HCl buffer (176 μL, 50 mM, pH 
9.0). This suspension was subsequently added to 
a mixture of phenylacetone (2.50 μL of 1.00 M in 
DMSO; 8.40 mM), NADPH (5.0 μL of 10 mM in Tris/
HCl pH 7.5; 0.17 mM) and glucose-6-phosphate 
(10 μL of 500 mM in MilliQ; 16.8 mM). PAMO (10 
μL of 100 μM in Tris/HCl pH 7.5; 3.4 μM) was finally 
added and the reaction mixture was shaken at 30 
°C. 
The reaction progress was analysed in a 
similar fashion to the procedure as described for 
the CRE2-PAMO loaded complexes. The activity 
assay for G6PDH-filled nanoreactors containing 
10 wt% of N3-PEG–PS 3 anchor was performed 
analogously to the described evaluation of 
G6PDH-loaded constructs.
Activity assay for BCN-functionalised PAMO
BCN-functionalised PAMO (22 μL of 45.6 μM; 2.0 
μM) was diluted with Tris/HCl buffer (448 μL, 
nylacetone (7.5 μL of 1.00 M in DMSO; 2.5 mM), 
β-nicotinamide adenine dinucleotide phosphate 
(NADPH, 30 μL of 10 mM in Tris/HCl pH 7.5; 0.10 
mM), sodium phosphite (30 μL of 500 mM in 
MilliQ; 5.0 mM) and dioxane (0.50 mL) in Tris/HCl 
buffer (2.40 mL, 50 mM, pH 9.0). The mixture was 
shaken at 30 °C for 5 h.
Once finished, the crude reaction was ex-
tracted twice with ethyl acetate (EtOAc, 500 μL). 
The organic layers were separated by centrifu-
gation (12,000 rpm, 5 min), combined and dried 
over Na2SO4. The organic phase was directly an-
alysed by GC, which indicated 100% substrate 
conversion.
Activity assay for CRE2-PAMO-loaded nanore-
actors
The nanoreactors with CRE2-PAMO in their lumen 
(95 μL, 5.0 mg polymer/mL in Tris/HCl) were sus-
pended in Tris/HCl buffer (98 μL, 50 mM, pH 9.0) 
and were added to a mixture of phenylacetone 
(1.77 μL of 1.00 M in DMSO; 8.40 mM), NADPH 
(9.08 μL of 10 mM in Tris/HCl pH 7.5; 0.43 mM) and 
sodium phosphite (7.09 μL of 500 mM in MilliQ; 
16.8 mM). The mixture was shaken at 30 °C until 
GC analysis indicated completion of the reaction. 
The progress of the reaction was monitored 
by taking aliquots (50 μL) of the reaction mixture 
in time. These aliquots were extracted twice with 
EtOAC (60 μL and 100 μL), using centrifugation 
(12,000 rpm, 5 min) to separate the organic and 
aqueous layer. The combined organic phases 
were dried over Na2SO4 and the substrate con-
version was analysed directly by GC.
Activity assay for PAMO
To Tris/HCl buffer (50 mM, pH 9.0) was added 
phenylacetone (5 µL of 1000 mM in DMSO, 10 
mM), (NADPH, 10 μL of 10 mM in Tris/HCl pH 7.5; 
0.20 mM) glucose-6-phosphate (20 μL of 500 mM 
in MilliQ; 20 mM). This mixture was charged with 
the enzymes G6PDH (5 μL of 1000 U/mL in phos-
phate buffer pH 7.4) and PAMO (20 μL of 100 μM 
in Tris/HCl pH 7.5, 4.0 μM) and subsequently shak-
en at 30 °C for 30 min.
For workup, the crude reaction mixture was 
extracted twice with ethylacetate (EtOAc, 500 
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After 5 h of reaction time, the crude was 
extracted twice with EtOAc (500 μL). The organic 
layers were separated by centrifugation (12,000 
rpm, 5 min), combined and dried over Na2SO4. 
The enzymatic activity was then analysed by GC, 
which showed quantitative substrate conversion. 
Activity assay for PAMO-functionalised nano-
reactors loaded with G6PDH
Assemblies with G6PDH in their lumen and 
PAMO immobilised onto their surface (95 μL, 5.0 
mg polymer/mL) in phosphate buffer (20 mM, 
pH 7.4) were suspended in Tris/HCl (176 μL, 50 
mM, pH 9.0). This mixture was added to a solu-
tion of phenylacetone (2.5 μL of 1.00 M in DMSO; 
8.40 mM), NADPH (5.0 μL of 10 mM in Tris/HCl pH 
7.5; 0.17 mM) and glucose-6-phosphate (10 μL of 
500 mM in MilliQ; 16.8 mM). The suspension was 
shaken at 30 °C, while the reaction was moni-
tored using GC analysis. 
The GC samples were prepared similar to 
the above described procedure for G6PDH-load-
ed nanoreactors. 
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4
Polymersome stomatocytes; 
creation and reversed engineering
In our daily life, shape is one of the pre-
dominant parameters that determine the 
function of things. This principle also holds 
true for the “invisible” microscopic world; 
only a small change in e.g. the morphol-
ogy of enzymes or red blood cells will cause 
severe illnesses to organisms. The shape of 
nano-sized particles has recently been rec-
ognised as an important feature in the in-
teraction with and uptake in cells. Although 
polymeric vesicles are believed to have 
great potential as drug delivery vehicles, 
their shape was never seriously considered 
as a variable due to the assumption that 
they are destined to take on the thermody-
namically favoured spherical morphology 
obtained right after self-assembly.
We report here two controllable shape 
transformation methods for polymeric vesi-
cles composed of block copolymers with a 
glassy, high-molecular-weight PS segment. 
Control over the shape transition is based 
on manipulation of the phase behaviour 
of this hydrophobic PS part by gradual re-
moval or introduction of organic solvents 
that plasticise the membrane. Fast phase 
transition from a solvent-swollen flexible to 
a solvent-poor rigid membrane allows the 
capture of numerous novel polymersome 
shapes, which brings exciting insights in the 
shape transformation trajectories.
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envisaged that this plasticising effect could 
possibly provide enough mobility and per-
meability to the polymer membrane to al-
low a response to environmental changes 
similar to liposomes. Unlike lipid vesicles, 
however, the hydrophobic polymer domain 
of these polymersomes can displays a phase 
transition[17, 18] from solvent-swollen and rub-
bery to solvent-poor and rigid (Figure 4.1).
In this chapter, we report a method to 
transform polymeric vesicles constructed 
from block copolymers with a high-molec-
ular-weight glassy hydrophobic segment 
into polymersome stomatocytes – bowl-
shaped vesicles with a “mouth”. Control over 
the shape transformation was obtained by 
kinetic manipulation of the phase behav-
iour of the hydrophobic block from flexible 
to glassy[17, 18] whilst applying an osmotic 
pressure difference. Combining the mor-
phological diversity of giant liposomes and 
the physical robustness of polymersomes,[19, 
20] our findings can be a general way to real-
ise the formation of unusual polymersome 
morphologies in a predictable manner (Fig-
ure 4.1). 
Once the polymeric membrane has lost 
its dynamic behaviour under ambient con-
ditions, the vesicular structure is believed to 
be physically trapped in the attained mor-
phology. We nevertheless envisioned that, 
if the rigidifying process of the hydropho-
bic segment could be reversed, polymeric 
aggregates should in principle be able to 
shape transform continuously in a similar 
way to liposomes.
In the second part of this chapter, we 
experimentally demonstrate a highly con-
trollable procedure to switch the rigidity of 
the glassy hydrophobic membrane domain 
back to rubbery and responsive to the en-
One of the intriguing properties of gi-
ant, unilamellar vesicles (giant liposomes, 
1–100 µm in diameter) is their ability to 
readily transform their spherical shape as 
a response to environmental changes.[1-5] 
Owing to the fluidity of the phospholip-
id-based bilayer membranes, fluctuations 
in osmotic conditions[6] or temperature[7] ef-
fect the generation of exotic morphologies, 
such as  starfish, prolate, stomatocyte (cup-
like) and discocyte (disc-like) assemblies.
[8, 9] Nonetheless, the highly flexible lipid 
surface membrane provides only transient 
morphologies which cannot easily be en-
trapped. 
Polymeric vesicles (polymersomes, 
100-500 nm in diameter)[10] – the polymeric 
analogues of liposomes – are prepared by 
self-assembly of amphiphilic block copoly-
mers. If the vesicular membrane possesses 
enough mobility under ambient conditions, 
it is believed to undergo shape transforma-
tions into a diversity of morphologies com-
parable to that of giant liposomes.[11] How-
ever, the size regime of these nano-scaled 
polymer vesicles makes it difficult to charac-
terise any transient morphologies obtained 
during shape transition. Furthermore, when 
a hydrophobic block with a high transition 
temperature (Tg) is used,[12-14] the thermo-
dynamically favoured spherical morphol-
ogy obtained after self-assembly would be 
locked; the glassy polymer membrane will 
not allow any further shape transformation. 
The self-assembly of polymersomes from 
block copolymers with a glassy hydropho-
bic part[15, 16] is often facilitated by the use 
of organic solvents, which plasticise the 
polymeric aggregates during formation. We 
4.1  |  Introduction
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transient morphologies at every desired 
moment. This resulted not only in various 
novel polymersome morphologies, but also 
provided an interesting insight into the 
shape change trajectories.
4.2  |  Results and discussion
4.2.1  |  Block copolymer synthesis and 
characterisation
The polymeric vesicles were based on am-
phiphilic poly(ethylene glycol)-b-polysty-
vironment. This method allowed the shape 
change process to continue from polym-
ersome stomatocytes to the most ener-
getically favourable morphology. Clear-cut 
variations in the re-shaping conditions ena-
bled us to re-engineer stomatocytes into 
a variety of remarkable structures, such as 
kippahs,[21] oblates and slightly dented poly-
mersomes (Figure 4.2). By taking advantage 
of the fast phase transition of the hydropho-
bic segment from rubbery to rigid when the 
structures were quenched in a large excess 
of water, we were able to kinetically entrap 
Figure 4.1  |  Shape transformation of polymersomes during dialysis of organic solvents (red spheres) 
against water (blue spheres) through a solvent-swollen PEG-b-PS bilayer membrane. 
Figure 4.2  |  The shape transformation of stomatocytes during dialysis of water against water/organic 
solvents into three different morphologies, from top to bottom: kippah, oblate and slightly dented poly-
mersome.
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ethylenetriamine (PMDETA) in anisole at 90 
°C (Scheme 4.1). According to size exclusion 
chromatography (SEC) analysis, the number 
average degree of polymerisation (DPn) of 
polystyrene ranged between 100-312 and 
showed a narrow size distribution (polydis-
persity index (PDI)) of 1.07–1.18, see Table 4.1. 
PEG44-initiator 1 was prepared by a substitu-
tion reaction of α-bromoisobutyryl bromide 
with monohydroxyl–PEG44 under the influ-
rene (PEG-b-PS) block copolymers. PEG–PS 
was selected because it readily self-assem-
bles into well-defined vesicles[15] and  the PS 
moiety has a Tg far above room temperature. 
Polymers with different molecular weights 
were synthesised by atom transfer radical po-
lymerization (ATRP) of styrene starting from 
macro-initiator α-methoxy–PEG44-ω-isobu-
tyrylbromide (1) using the catalyst/ligand 
couple Cu(I)Br/N,N,N’,N”,N”-pentamethyldi-
Scheme 4.1  |  A variety of PEG44-b-PS block copolymers was synthesised via ATRP of styrene from macro-
initiator α-methoxy–PEG44-ω-isobutyrylbromide (1).
Entry Mn (SEC)a
(103 g/mol)
PDI (SEC)b
Mw/Mn
DPnPS (SEC)c WPEG (SEC)d
(%)
MeO-PEG44-Br (1) 2.2 1.06 - -
MeO-PEG44-b-PS100 (2) 12.7 1.08 100 17.3
MeO-PEG44-b-PS120 (3) 14.9 1.08 120 14.8
MeO-PEG44-b-PS155 (4)  18.1 1.12 155 12.2
MeO-PEG44-b-PS175 (5) 20.3 1.11 175 10.8
MeO-PEG44-b-PS180 (6) 21.0 1.07 180 10.5
MeO-PEG44-b-PS195 (7) 22.6 1.12 195 9.73
MeO-PEG44-b-PS200 (8) 23.1 1.13 200 9.52
MeO-PEG44-b-PS225 (9) 26.0 1.14 225 8.46
MeO-PEG44-b-PS240 (10) 27.0 1.14 240 8.15
MeO-PEG44-b-PS280 (11) 31.1 1.17 280 7.07
MeO-PEG44-b-PS290 (12) 32.5 1.18 290 6.77
aMolecular weights determined by SEC; SEC calibration was based on the hydrodynamic diameter of 
PS standards; bThe PDI was calculated by the quotient of Mw and Mn obtained by SEC measurements; 
cCalculated number average degree of PS polymerisation from the molecular weight obtained by SEC; 
dThe calculated weight fraction (W) of the PEG segment of the block copolymers based on SEC results.
Table 4.1  |  Molecular characteristics of polymers 1-12.
O
O
Br
n
O
MeO 44
MeO O O
O
BrMeO O OH
α-bromoisobutyryl
bromide
Et3N, CH2Cl2
Ar atm., 16 h
styrene
CuBr, PMDETA 
anisole, Ar atm.
1    85%
2    90%
44 44
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ence of triethylamine (Et3N) in tetrahydrofu-
ran (THF).
4.2.2  |  Creation of polymersome stomato-
cytes
At ambient temperature, the glassy nature 
of the hydrophobic PS block prevents direct 
hydration of the block copolymer in water. 
Hence, polymer vesicles from PEG–PS were 
prepared following the co-solvent method.
[15, 16] Hereto, PEG44-b-PS225 (9) was dissolved in 
a mixture of THF and 1,4-dioxane (dioxane, 
ratio THF:dioxane, 50:50 vol%), which are 
good solvents for both polymer blocks, at 
a typical concentration of 1 wt%. Ultrapure 
water, a precipitant for the PS block, was 
then slowly titrated to this solution while 
stirring vigorously until the water content 
in the mixture reached 50%. After addition 
of water, the cloudy suspension was trans-
ferred to a dialysis membrane and dialysed 
against pure water for at least 24 h with fre-
quent water changes.
A fraction of the suspension (50 μL) 
was taken before starting the dialysis and 
added at once to an excess of MilliQ in or-
der to rapidly freeze the morphology of the 
aggregates;[22] in an excess of water, the high 
Tg of PS provides enough physical strength 
to the bilayer membrane to preserve the 
present morphology. Based on dynamic 
light scattering (DLS) measurements, the 
quenched assemblies showed an average 
diameter (Dav) of 400 nm with an acceptable 
PDI of 0.09 (Figure 4.3a). Cryo-TEM analysis 
Figure 4.3  |  Block copolymer PEG44-
b-PS225 (9) was self-assembled via 
the co-solvent method and MilliQ 
was added until 50 vol%; a) DLS 
analysis demonstrated a change 
in Dav of just-formed vesicles be-
fore (solid line) and after (dotted 
line) dialysis in water; b) cryo-TEM 
micrograph of vesicles right after 
self-assembly that were quickly 
vitrified in an excess of water; c) 
dry-TEM, d) cryo-TEM, and e) SEM 
images of polymersome stomato-
cytes obtained after dialysis in Mil-
liQ. Inserts in panel d show top (up-
per) and side (lower) views of the 
stomatocytes, scale bars: 200 nm. 
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expected for polymer vesicles with a glassy 
PS hydrophobic domain.
We reasoned that the shape change 
of the polymersomes is mainly driven 
by a decrease in the volume of the inner 
compartment of the polymersomes during 
dialysis, rather than a drastic change in 
the surface area of the bilayer membrane 
(Figure 4.1). The contour length of a PS225 
chain is around 27 nm, while the thickness 
of the bilayer membrane determined from 
cryo-TEM images for PEG44-b-PS225 vesicles is 
~26 nm. This, combined with the molecular 
weight of the PS block exceeding the en-
tanglement length (DPn ≈ 130),[23] suggests 
that the PS chains within the bilayer mem-
brane are most probably in a coiled confor-
mation with chain-chain entanglements.
[24] Such bilayer composition is very likely to 
prohibit any molecular rearrangements be-
tween two membranes during dialysis, thus 
no significant change in the surface area of 
the polymersomes will take place. Dialysis 
of the polymersome solution containing 50 
vol% of organic solvents against pure wa-
ter would, however, cause a large osmotic 
pressure difference between the inner com-
partment of the vesicles and the surround-
ing solution. If the PS membrane is actually 
solvent-swollen and rubbery, it could allow 
rapid expulsion of solvent molecules that 
were captured within the polymersomes’ 
lumen during assembly. This process would 
continue until the membrane loses its per-
meability, owing to the loss of solvent mol-
ecules, and the PS consequently settles into 
a glassy state.
To examine our hypothesis, the mem-
brane thickness of PEG44-b-PS225 (9) based 
polymersomes that were still in the presence 
of organic solvents (50 vol%) was measured 
revealed spherical polymer vesicles with a 
defined membrane (Figure 4.3b). 
After dialysis of the remaining sus-
pension against pure water, the Dav value 
decreased to 350 nm. Nonetheless, the PDI 
remained unaltered (0.07, see Figure 4.3a), 
which suggests a reduced overall volume 
of polymersomes without significant vesi-
cle fission. When the polymersome solution 
after dialysis was examined by dry-TEM, 
a complete morphological change from 
spheres to stomatocytes[9] – a bowl-shaped 
vesicle with a “mouth” – was observed as 
depicted in Figure 4.3c. These findings were 
confirmed with scanning electron microsco-
py (SEM, Figure 4.3e). In order to corroborate 
that the stomatocytes were a consequence 
of shape transformation and were not arte-
facts resulting from the sample preparation 
procedure for dry-EM, cryogenic TEM (cryo-
TEM) analysis was performed. As shown in 
Figure 4.3d, cryo-TEM images revealed the 
stomatocyte structure is actually present in 
solution. 
Subsequently, a series of PEG44-b-
PS102-292 (1-12) block copolymers was self-as-
sembled into vesicles and examined for 
their ability to turn into stomatocytes us-
ing the procedure and conditions as be-
fore. This study showed that the formation 
of stomatocytes occurred when the DPn of 
the PS block exceeded 175. All stomatocytes 
retained their morphology over a long pe-
riod of time (> two years) when examined 
by TEM and did not show any change in 
diameter or size distribution, as measured 
by DLS. Even harsh conditions, such as el-
evated temperatures (70 °C, 1 h) and ultra-
sonication (45 kHz, 200 W, 5 min at 50 °C), 
did not alter the morphology of the objects. 
This indicates excellent physical stability, as 
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the space inside the lumen previously oc-
cupied by organic solvent molecules is not 
replaced by water, this would consequently 
decrease the volume of the inner compart-
ment of the polymersomes. Due to the rub-
bery state of the polymeric membrane, it is 
allowed to respond to this drastic pressure 
change by bending inwards.
4.2.3  |  Control over the opening of 
stomatocytes
For giant liposomes, shape transformations 
are reversible due to the unremitting fluidity 
of the phospholipid bilayer membrane, and 
thus the morphology after shape transfor-
mation is only transient.[1, 2, 5, 6] In our study, 
however, the polymersome bilayer is initially 
in a solvent-swollen flexible state but turns 
glassy as solvent molecules are excluded 
from the PS domain during dialysis against 
water. This kinetic freezing of the PS domain 
provides the basis for the retention of the 
morphology during shape transformation. 
From the previous ascertainment that the 
degree of swelling of the PS domain is high-
er in THF than in dioxane,[17] we reasoned 
that variation of the ratio THF:dioxane in the 
initial mixture would affect the degree of 
swelling and the rate of vitrification of the 
PS domain of the membrane. This would 
consequently lead to a difference in the 
time allowed for the shape change during 
dialysis and thus to other morphologies.
For stomatocytes, previous observa-
tions demonstrated that the diameter of 
the opening gradually decreased when the 
shape transformation progressed (Figure 
4.1).[1, 2, 5, 6] We therefore screened the degree 
of shape transformation of polymersomes 
prepared from PEG44-b-PS290 (12) by varying 
by cryo-TEM (Figure 4.4). The measured 
width of ~32 nm was 20% thicker than those 
of polymersomes in pure water (~26 nm for 
spherical vesicles and stomatocytes), which 
confirms the existence of solvent-swollen 
membranes. We assumed that the rate of 
transport of THF and dioxane through the 
swollen PS membrane would be much high-
er than that of water molecules; the Hilde-
brand solubility parameters of the solvents 
(δ: 18.6 [MPa]1/2 for THF and δ: 20.5 [MPa]1/2 for 
dioxane) are much more comparable to the 
value of homo-PS (δ: 16.6-20.2 [MPa]1/2) than 
that of water (δ: 48 [MPa]1/2).[26] The unfavour-
able energy barrier between water and PS 
would hinder penetration of the swollen PS 
membrane by the water molecules. Because 
Figure 4.4  |  Cryo-TEM images of PEG44-b-PS225 
(9) vesicles a) and c) before, and b) and d) after 
removal of organic solvents through dialysis 
against water. Cryo-TEM image of a) a spherical 
polymersome in aqueous medium containing 50 
vol% organic solvents (THF:dioxane, 50:50 vol%) 
and b) top view of a stomatocyte after shape 
transformation via dialysis. Magnified cryo-TEM 
micrograph of c) the solvent-swollen membrane 
with a measured thickness of ~32 nm and d) the 
solvent-poor membrane of stomatocytes with a 
measured thickness of ~26 nm.
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the ratio of THF to dioxane in the organic 
solvent mixture while the amount of water 
addition was fixed at 50 vol%. When the THF 
content of the initial mixture was increased 
from 40 to 65 vol%, a gradual decrease in the 
diameter of the opening of stomatocytes 
after dialysis was observed with both TEM 
(Figure 4.5a-d) and cryo-TEM (Figure 4.5e,f ). 
As shown in Figure 4.3g, a nearly linear re-
lationship between the size of the opening 
of the stomatocytes and the amount of THF 
used in the initial organic solvent mixture 
was obtained. The results suggest that the 
differences in the kinetics of the phase tran-
sition of the PS domain in the solvent mix-
tures can effectively be translated into the 
final frozen morphologies. 
A similar effect on the diameter of the 
stomatocyte opening was found by chang-
ing the water content of the suspension 
at a fixed THF:dioxane ratio (50:50 vol%) 
as revealed by dry-TEM (Figure 4.6). When 
the water content was higher than 70%, 
no noticeable shape transformation from 
spherical to stomatocyte was observed. The 
degree of shape transformation, indicated 
by the size of the opening of stomatocytes, 
progressed as the water content was re-
duced from 50 to 41 vol%. At 33 vol% water 
content, small irregular structures emerged 
and the polymersomes became unstable.
4.2.4  |  Reversed engineering of stomato-
cytes
Liposomes can adopt a wide assortment of 
shapes, of which stomatocytes are just one 
of the morphological possibilities. To fur-
ther expand our collection of polymersome 
morphologies, the polymeric membrane 
has to be mouldable as a lipid bilayer. For 
vesicles consisting of a glassy, rigid polymer 
bilayer, the only approach to achieve addi-
tional shape transformations is by reversing 
Figure 4.5  |  Degree of shape transformation of stomatocytes of PEG44-b-PS290 (12) according to the 
amount of THF-to-dioxane in the solvent mixture analysed with dry-TEM for a) 50%, b) 55%, c) 60% and 
d) 65% THF used by volume, and cryo-TEM for e) 50% and f ) 65% THF by volume. g) Plot of the linear 
relationship between the amount of THF used in the solvent mixture and the diameter of the opening 
of the stomatocytes. Each data point was obtained by measuring the inner diameter of the opening and 
the overall diameter of stomatocytes from dry TEM images of 50 stomatocytes (n = 50).
93
  |  Stomatocyte polymersomes; creation and reversed engineering
the rigidifying process of the hydrophobic 
segment. Polymersome stomatocytes were 
selected as the object of our study consider-
ing their much strained and non-thermody-
namically favoured appearance.
To obtain stomatocytes, vesicles self-
assembled from PEG44-b-PS290 (12) were 
shape transformed according to the previ-
ously mentioned dialysis procedure. THF 
and dioxane were considered as good can-
didates for the recovery of a flexible poly-
mer membrane owing to their confirmed 
plasticising effect on PS and miscibility with 
water. We reasoned that a greater degree 
of swelling of the membrane provided a 
better prospect on successful shape trans-
formation of the vesicular structure. Since 
the swelling of homo-polystyrene is some-
what higher in THF than dioxane based 
on the Hildebrand parameters,[26] the ratio 
between these two organic solvents was 
chosen in favour of THF (THF-to-dioxane 
ratio, 75:25 vol%). Quick addition of 50 vol% 
of the THF/dioxane mixture to the aqueous 
stomatocyte solution, however, resulted 
within 5 minutes in gross structural disrup-
tion (Figure 4.7). According to DLS and TEM 
analysis, many small micelles and larger pol-
ymer aggregates were formed, whereas the 
addition of a similar amount of water to the 
stomatocyte solution as a control experi-
ment did not cause any textural mutations.
When THF and dioxane (ratio 75:25 
vol%) were gradually introduced by dial-
ysis of the aqueous stomatocyte solution 
against a mixture of water/(THF:dioxane) 
(50/50(=75:25) by volume), no precipitates 
were observed by eye. Aliquots of 20 µL 
were withdrawn over time using a pre-
set schedule and added at once to a large 
excess of pure water (1000 µL) to rapidly 
vitrify the PS segments and develop enough 
rigidity to preserve the morphology at the 
moment of retraction. More concentrated 
Figure 4.6  |  The effect of the ratio of water to organic solvents (represented in vol%) in the initial suspen-
sion on shape transformation of polymersomes of PEG44-b-PS290 (12). The THF-to-dioxane ratio was fixed 
at 1:1 and a water content of a) 70%, b) 50%, c) 41% or d) 33% in volume was added. 
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tion quenched after 18 h of dialysis by dry-
TEM revealed a shape transformation from 
stomatocyte to a hollow hemisphere or 
“kippah”,[21] as depicted in Figure 4.9a. The 
average estimated wall thickness of the 
structure was 47±3 nm (number of counted 
assemblies (n) = 50). Compared to the initial 
bilayer membrane of 26±2 nm (n = 50), these 
walls are 81% thicker than a normal vesicle. 
The increase in thickness, together with the 
perfectly round shape, indicated formation 
of a fully collapsed structure. This suggested 
kippah morphology was confirmed by both 
cryo-TEM and cryo-SEM analysis (Figure 4.9b 
samples were prepared for cryo-TEM and 
cryo-SEM analysis (100 µL transformed 
vesicle solution in 400 µL water). In order to 
confirm that the amount of organic solvent 
(up to 10 vol%) still present in these more 
concentrated samples did not hamper 
immediate vitrification of the transient 
morphology,[22] the vesicles were additional-
ly analysed with dry-TEM and compared to 
micrographs of the less concentrated solu-
tion. As demonstrated in Figure 4.8, the two 
samples contained vesicles with very similar 
morphologies.
Examination of the assembly solu-
Figure 4.7  |  Direct addition of the organic solvents (50 vol% in total) THF and dioxane (75:25 vol%, re-
spectively) to an aqueous stomatocyte solution caused structural disruption, illustrated by a) DLS and b) 
TEM micrographs (left: addition of water, right: addition of organic solvents). Scale bars: 500 nm.
Figure 4.8  |  Shape transformation of PEG-b-PS290 (12) based stomatocytes after dialysing 1h in a mix-
ture of MilliQ and organic solvent (50:50 vol%) of which the ratio THF to dioxane was 50:50 (vol%), illus-
trated by TEM micrographs. To capture the transient morphology, a) 100 µL of the vesicle solution was 
quenched in 400 µL water and b) 20 µL was quenched in 1000 µL water. The micrographs, which show 
similar vesicular structures, confirm that the presence of a small amount of organic solvents in the more 
concentrated samples did not hamper immediate vitrification. Scale bars: 500 nm.
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the process showed a simultaneous flatten-
ing and widening of the vesicular structure 
after 2 h, followed by re-contraction of the 
membrane to reconstruct a narrow opening 
in 6 h. A stable morphology was eventually 
reached, which in this case amounted to the 
formation of hollow hemispherical domes. 
All assembly solutions that were quenched 
after dialysing for more than 18 h, exhibited 
a kippah morphology. We envisioned that 
dialysis of the stomatocytes in an aqueous 
solution containing an excess of THF com-
pared to dioxane caused such a high de-
gree of swelling of the PS domain that the 
membrane became fairly weak and not only 
permeable to organic solvents but to water 
as well. This, in combination with osmotic 
pressure, finally led to collapse into hollow 
hemispherical domes.
When the re-shaping conditions 
were slightly modified and the dialysis 
was performed with an equal amount of 
THF:dioxane (50:50 vol%) while retaining 
the water-to-organic solvents ratio (50:50 
vol%), a completely different final morphol-
ogy was discerned (Figure 4.10b and 4.11b). 
Although TEM micrographs of the dried 
sample withdrawn after 18 h displayed 
kippahs at first sight, the deviation of a per-
and c); average estimated wall thicknesses of 
57±3 nm (n = 10) and 46±4 nm (n = 30) were 
measured respectively, while for unilamellar 
membranes 29±1 nm (n = 30) and 26±4 nm 
(n = 10) were measured. According to cryo-
TEM analysis of the membranes, the walls 
of the hollow hemisphere are 97% thicker 
than usual. However, it is not assured at 
this moment whether the two bilayers are 
merged or merely lying nearby each other.
The high Tg of the PS domain allowed 
us to kinetically entrap the transient struc-
tures and thereby monitor the transforma-
tion trajectory in time using dry-TEM (Fig-
ure 4.10a). The first changes in morphology 
were observed after one hour of dialysis 
against water/(THF:dioxane) (50/50(=75:25) 
by volume), suggesting that at least 30 min 
were required for the membrane to accom-
plish a phase transformation from glassy 
to flexible. After one hour, the volume of 
the inner compartment was somewhat de-
creased and the mouth of the stomatocyte 
opened up. Cryo-TEM images of the solu-
tion after 1 h verified that the observed dif-
ference in morphology is a consequence of 
actual shape change and not an artefact re-
sulting from the sample preparation proce-
dure (Figure 4.11a). Further investigation of 
Figure 4.9  |  Stomatocytes were shape transformed into kippahs after 18 h of dialysis in water/
(THF:dioxane), 50/50(=75:25) vol% as revealed by a) dry-TEM, b) cryo-TEM and c) cryo-SEM. Scale bars: 
200 nm.
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Figure 4.10  |  Three shape transformation trajectories, monitored via dry-TEM, starting from stomato-
cytes of PEG44-b-PS290 block copolymers. The assemblies were dialysed against a mixture of water and 
organic solvent (50:50 vol%) using three different ratios of THF to dioxane by volume: a) 75:25, b) 50:50 
and c) 25:75. 
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which could be described as a red blood 
cell-like structure of which only one side is 
dented (Figure 4.11b). The uniconcave dis-
cocytes finally transformed into an oblate 
shape through minute inflation of the struc-
tures whereby the indent disappeared. 
To further address the involvement of 
THF in the shape transformation, a batch of 
stomatocytes was dialysed in a 50% aque-
ous solution mixed with less THF than diox-
ane, 25:75 in volume (Figure 4.10c and 4.11c). 
The first observable shape changes only 
just occurred after two hours. After 6 h, TEM 
and cryo-SEM images showed a tremen-
dous decrease in depth and diameter of 
the stomatocyte’s cavity. This process con-
tinued until virtually the whole membrane 
was unfolded, as corroborated by cryo-TEM 
and cryo-SEM analysis. Hence, plasticising 
the membrane with an aqueous organic 
solvent mixture containing less THF than 
dioxane led to growth of the inner compart-
fectly round shape and the lighter irregu-
larity in the middle of the structures were 
suggesting a different shape. Cryogenic 
electron microscopy proposed an oblate 
structure, which verified that the membrane 
structures analysed by normal TEM suffered 
from drying effects which caused them to 
collapse.
The shape rearrangement of stomato-
cytes into the oblate morphology was initi-
ated after 30 min of dialysis (Figure 4.10b). 
The opening of the stomatocytes expanded 
in 1 h as a result of internal volume decrease, 
and the transformation continued with a 
certain degree of flattening and thereby 
widening of the entire construct in 2 h. Al-
though the changes are somewhat less 
drastic compared to the shape transforma-
tion in a more THF-rich environment, a simi-
lar path seemed to be pursued. However, 
the sample at 6 h suddenly showed a very 
different morphology as observed by EM, 
Figure 4.11  |  Shape transformation of stomatocytes of PEG44-b-PS290 block copolymers over time illus-
trated by dry-TEM (left images at 1 h and 6 h), cryo-TEM (0 h, right images at 1 h, left images at 18 h) and 
cryo-SEM images (right images at 6 h and 18 h). The stomatocytes were dialysed against a mixture of 
water and organic solvent (50:50 vol%) using three different ratios of THF to dioxane by volume: a) 75:25, 
b) 50:50 and c) 25:75. All scale bars: 200 nm. 
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possibilities to controllably change the 
morphology of polymersomes by manipu-
lating the phase behaviour of their glassy 
membrane. Upon gradual removal or in-
troduction of plasticising organic solvent 
molecules, the hydrophobic segment of 
the bilayer becomes either glassy and non-
mouldable or permeable and responsive to 
the environment, respectively. Contrary to 
liposomes, rapid quenching of the mem-
brane enabled the entrapment of every 
desired, transient structure, which gave in-
teresting information in the shape transfor-
mation trajectories.
Although the fluid dynamics of the or-
ganic solvent and water molecules through 
the vesicular membrane are not yet fully 
understood, numerous combinations of 
initial polymer assemblies and solvent com-
ment volume and thereby re-inflation of the 
membrane.
Investigation of the shape transforma-
tion of stomatocytes prepared from PEG44-b-
PS180 (6) block copolymers revealed a similar 
transformational pathway as for PEG44-b-
PS290, which indicates that the shape change 
procedure is well reproducible with various 
PEG–PS polymeric building blocks. 
4.2.5  |  Reversed engineering of polymer-
somes
Giant liposomes are capable to transform 
from every possible morphology into an-
other. To explore our shape transformation 
procedure further, conventional polymer-
somes self-assembled from PEG44-b-PS200 (8) 
were exposed to water containing 50 vol% 
of THF:dioxane (50:50 in volume). As shown 
in Figure 4.12, the spherical vesicles initially 
remodelled into stomatocytes. The first 
changes occurred between 30 min and 1 h, 
when the internal volume decreased almost 
to a minimum and caused the membrane 
to fold inwards. The wide opened stoma-
tocytes subsequently transmuted back into 
perfectly round polymersomes. Remark-
ably, this most energetic favourable, spheri-
cal structure is different from the oblates 
that were obtained in the similar dialysis 
experiment with stomatocytes. Therefore, 
the assembly morphology at the start of 
the experiment has a significant influence 
on the transformation process and its final 
outcome.
4.3  |  Conclusions
Inspired by the studies on giant liposomes, 
we have shown that there are interesting 
Figure 4.12  |  Dry-TEM (left) and cryo-TEM (right) 
micrographs that illustrate the shape transforma-
tion of polymersomes self-assembled from PEG-
b-PS200 (8) block copolymers in time. The polym-
ersomes were dialysed in water/(THF:dioxane), 
50/50(=50:50) by volume. All scale bars: 200 nm.
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Nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker DMC300 (75 MHz for 13C) and 
a Varian Inova 400 (400 MHz for 1H) spectrometer. 
1H NMR chemical shifts (δ) are reported in parts 
per million (ppm) relative to a residual proton 
peak of the solvent; δ: 7.26 for CDCl3. Multiplici-
ties are reported as s (singlet), d (doublet), t (trip-
let) and m (multiplet). Broad signals are indicat-
ed by the addition of br. Coupling constants are 
reported as J value in Hertz (Hz). The number of 
protons (n) for a given resonance is indicated as 
nH and is based on spectral integration values. 
13C NMR chemical shifts (δ) are reported in ppm, 
δ: 77.0 for CDCl3. 
Fourier transform infrared spectroscopy 
(FT-IR) spectra were recorded on an ATI Matson 
Genesis Series FT-IR spectrometer fitted with an 
attenuated total reflectance (ATR) cell. The vibra-
tions (ν) are given in cm-1. 
Molecular weights of the block copolymers 
were measured on a Shimadzu size exclusion 
chromatograph equipped with a guard col-
umn, a Polymer Laboratories PLgel 5 µm mixed D 
column and differential refractive index (RI) and 
UV (λ: 254 nm) detection. The system was eluted 
with THF (analysis grade) using a flow rate of 1.00 
mL/min at 35 °C. The calibration was performed 
with polystyrene standards ranging from 580 to 
377,400 g/mol. 
For the self-assembly of polymersomes, a Har-
vard Apparatus PicoPlus syringe pump was used 
in combination with a 5 mL syringe equipped 
with a steel needle. The pump was calibrated to 
deliver water with a speed of 1.00 mL/h. 
Dynamic light scattering (DLS) measure-
ments were performed on a Malvern Instrument 
Zetasizer Nano-S (ZEN 1600), equipped with a 
He-Ne laser (633 nm, 4 mW) and an Avalanche 
photodiode detector at an angle of 173°. The DLS 
data were processed and analysed with Disper-
sion Technology Software (Malvern Instruments).
Dry transmission electron microscopy 
(TEM) was performed on a JEOL JEM 1010 micro-
scope with an acceleration voltage of 60 kV and 
equipped with a charge-coupled device (CCD) 
camera. Sample specimens were prepared by 
placing a drop of a much diluted aqueous vesicle 
positions are currently being examined. 
Given the potentially unlimited diversity of 
chemical and physical properties of block 
copolymers by virtue of the rapidly evolv-
ing controlled polymerisation methods, the 
strategy reported here could be a new ap-
proach to create polymeric nanostructures 
with unusual architectures and functions.
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4.5  |  Experimental section
4.5.1  |  Materials
Unless stated otherwise, all chemicals were 
used without further purification. Tetrahydro-
furan (THF) was distilled under Ar atmosphere 
from sodium/benzophenone; dichloromethane 
(CH2 Cl2) and triethylamine (Et3N) were distilled 
under Ar atmosphere from CaH2. The MilliQ wa-
ter utilised in the self-assembly and dialysis of 
polymersomes was double deionised with a Lab-
conco Water Pro PS purification system (18.2 MΩ). 
CuBr was purified by washing it with respectively 
glacial acetic acid, ethanol and diethylether, fol-
lowed by drying in vacuo and storage in the dark 
under Ar atmosphere. All other reagents and sol-
vents were of the highest quality grade available 
and acquired from commercial sources. If no fur-
ther details are given, reactions were carried out 
under ambient atmosphere and temperature. 
4.5.2  |  Instrumentation
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distilled THF (50 mL) in a flame-dried Schlenk 
flask equipped with a stirring bar. After addition 
of Et3N (dry, 1.04 mL, 7.50 mmol), the mixture was 
cooled to 0 °C. Finally, α-bromoisobutyryl bro-
mide (616 µL, 5.00 mmol) was added dropwise 
via a syringe. The reaction mixture was stirred for 
18 hours while slowly warming to room tempera-
ture. The white precipitate was filtered off and 
the solvent was evaporated in vacuo. The crude 
product was re-dissolved in a little THF and the 
remaining triethylamine salt was removed by fil-
tration (2 ×). Next, the volume of the solution was 
reduced to 10 mL and the polymer was precipi-
tated by subsequently dripping the solution into 
stirring diethylether (Et2O, 300 mL). The suspen-
sion was stored in the freezer for 1 h whereup-
on the white precipitate was filtered off, washed 
with ice-cold Et2O and dried under vacuum over-
night. The product was obtained as a white solid 
(4.54 g, 85%). 
1H NMR (400 MHz, CDCl3) δ: 4.29 (t, J = 1.4 
Hz, 2H, CH2CH2OC(O)C(CH3)2Br), 3.78 (t, J = 1.4 Hz, 
2H, CH2CH2OC(O)C(CH3)2Br), 3.60 (br. s, PEG back-
bone), 3.51 (m, 2H, CH3OCH2), 3.34 (s, 3H, CH3OCH2), 
1.90 (s, 6H, (CH3)2Br) ppm; 13C NMR (75 MHz, CDCl3) 
δ: 171.5 (C(O)), 71.8, 70.5 (br. s, PEG backbone), 
68.6, 65.0, 58.9, 55.6, 30.6 (2C) ppm; FT-IR νmax film: 
2868, 1733 (νC=O), 1642, 1461, 1100, 949, 847 cm-1; 
SEC (THF): Mn = 2.2 × 103 g/mol, Mw/Mn = 1.06. 
α-Methoxy–poly(ethylene glycol)44-b-poly-
styrene (2-12)
MeO
O
O
44
O
Br
n
Modified literature procedure:[27] a Schlenk-tube 
was charged with CuBr (45 mg, 0.32 mmol) and 
a stirring bar. Th tube was evacuated for 15 min 
and refilled with Ar (3 ×) where after the stopper 
was replaced by a rubber septum under positive 
Ar pressure. N,N,N’,N”,N”-pentamethyl-diethylen-
etriamine (PMDETA, 66 μL, 0.32 mmol) in anisole 
(0.5 mL) was added via a syringe. The mixture 
was vigorously stirred for 15 min and styrene (2 
equivalents in proportion to the aimed DPnPS in 
anisole (1.0 mL) was added. After degassing the 
solution on an EM science carbon-coated copper 
grid (200 mesh). The grid was subsequently air-
dried for at least 4 hours. 
For cryogenic transmission electron micros-
copy (cryo-TEM) analysis, the specimens were 
examined in a Tecnai 12 microscope, operated at 
120 kV using a Gatan cryo-holder system. A small 
droplet of the suspension (1.2 μL) was placed on 
a holey carbon film supported on a TEM copper 
grid. Following the preset procedure of the FEI 
Vitrobot vitrification system, the specimen was 
blotted (2 × 2 sec) and plunged into a liquid eth-
ane reservoir cooled by liquid nitrogen. The vit-
rified samples were transferred to a Gatan 626 
cryo-holder using a cryo-transfer stage cooled 
by liquid nitrogen. During observation of the vit-
rified samples, the cryo-holder temperature was 
maintained below -177 °C to prevent sublimation 
of vitreous water. The images were recorded dig-
itally by a Gatan low-dose CCD camera with the 
accompanying software package.
Cryogenic field emission scanning elec-
tron microscopy (cryo-SEM) micrographs were 
recorded on a JEOL JSM 6330F microscope oper-
ated at 3kV, equipped with an Oxford Alto 2500 
cryo-transfer system. The concentrated solution 
sample was rapidly frozen in nitrogen slush 
at -220 °C and freeze-fractured in the cooling 
pre-chamber of the microscope at -120 °C. The 
plane of fracture was etched for 5 min via subli-
mation at -95 °C, subjected to Au (60%)/Pd (40%) 
sputtering for 50 sec (1.5 nm) and transferred to 
the microscope chamber where the temperature 
was maintained at -120 °C. 
4.5.3  |  Synthetic procedures
α-Methoxy–poly(ethylene glycol)44-ω-isobu-
tyrylbromide (1)
MeO
O
O
44
O
Br
Modified literature procedure:[27] α-methoxy–
poly(ethylene glycol)44-ω-hydroxide (MeO-PEG44-
OH, 5.00 g, 2.50 mmol) was dried by co-evap-
oration with toluene (20 mL) using a rotary 
evaporator. The polymer was dissolved in freshly 
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lar weight cut-off: 12,000-14,000 Da, flat width) 
which was swollen in the dialysis medium for at 
least 2 h. The vesicles were dialysed against ul-
trapure water (700 mL) for 24 h with a frequent 
change of the water starting after 1 h. After dialy-
sis, the resulting solution was analysed with dry-
TEM, cryo-TEM and cryo-SEM microscopy.
4.5.5  |  Structural disruption of stomatocytes
A cloudy solution of stomatocytes based on 
PEG44-b-PS292 (500 µL) was quickly combined with 
a solution of THF and dioxane (500 µL, 75:25 vol%, 
respectively). The mixture was shortly shaken 
and allowed to stand without perturbation for 
5 min. As a control experiment, the stomatocyte 
solution (500 µL) was mixed with MilliQ (500 µL) 
and subsequently treated in a similar fashion. 
Both mixtures were analysed with DLS and dry-
TEM. 
4.5.6  |  Shape transformation of stomatocytes
An aqueous stomatocyte solution based on 
PEG44-b-PS292 or PEG44-b-PS198 block copolymers 
(700  µL) was transferred into a dialysis membrane 
(Spectra/Por, molecular weight cut-off: 12,000-
14,000 Da, flat width 10 mm), which was swollen 
in the dialysis medium for 30 min. The dialysis 
medium was composed of 150 mL MilliQ (50% in 
volume) and a mixture of distilled THF and diox-
ane of respectively a) 112.5 mL and 37.5 mL (75:25 
vol%), b) 75.0 mL and 75.0 mL (50:50 vol%) or c) 
37.5 mL and 112.5 mL (25:75 vol%). Aliquots of 20 
µL were withdrawn after 0 min, 15 min, 30 min, 
1 h, 2 h, 6 h and 18 h of dialysis and immediate-
ly quenched in 1000 µL of MilliQ. The resulting 
solutions were analysed by TEM microscopy. To 
create more concentrated vesicle solutions for 
cryogenic electron microscopy measurements, 
samples of 100 µL were additionally taken after 
1 h, 6 h and 18 h and in once quenched in 400 
µL MilliQ. 
4.5.7  |  Polymersome preparation procedure
Modified literature procedure: PEG44-b-PS block 
copolymer (10 mg) was dissolved in a mixture of 
distilled THF and 1,4-dioxane (dioxane, 1.00 mL, 
60:40 vol%, respectively) in a 15 mL vial charged 
solution with Ar for 15 min, the tube was cooled 
to 0 °C and macro-initiator 1 (215 mg, 0.100 mmol) 
in anisole (0.5 mL) was injected into the solution. 
The stirred solution was degassed for an addi-
tional 15 min and subsequently transferred into 
a pre-heated oil bath at 90 °C. The mixture was 
allowed to react at 90 °C and the conversion 
was monitored by GPC analysis and 1H NMR 
spectroscopy. Upon attainment of the required 
molecular weight, the polymerisation was ter-
minated by removal of the heat source and the 
rubber septum. The viscous solution was diluted 
with CH2Cl2 (75 mL) and extracted with aqueous 
ethylenediaminetetraacetic acid (EDTA, 2 × 150 
mL of 65 mM). The combined aqueous phases 
were washed with CH2Cl2 (75 mL) whereupon 
the merged organic layers were dried over mag-
nesium sulfate (MgSO4) and concentrated. The 
crude was precipitated twice in MeOH (200 mL) 
from little CH2Cl2, filtrated, dried under vacuum 
overnight to obtain the pure product as a white 
solid. 
1H NMR (400 MHz, CDCl3) δ: 7.36-6.38 (br. s, 
PS arom.), 3.85-3.43 (br. s, PEG backbone), 3.38 (s, 
3H, CH3OCH2), 2.27-1.24 (br. s, PS backbone), 0.84 
(br. m, 6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 144.8, 127.5, 125.2, 70.1 (PEG backbone), 
46.2-40.7 (PS backbone), 39.9 (2C); FT-IR νmax film: 
3025, 2922, 2841, 1939, 1874, 1809, 1722 (νC=O), 1601, 
1492, 1452, 1109, 758, 698 cm-1. The compositions 
and corresponding molecular weight of the 
polymers 2-12 are given in Table 5.1.
4.5.4  |  Stomatocyte preparation procedure 
Modified literature procedure:[15] a typical proce-
dure started with dissolving PEG44-b-PS (20 mg) 
in a mixture of distilled THF and dioxane (2.00 
mL, 60:40 by volume) in a 15 mL vial charged 
with a magnetic stirrer. The vial was capped with 
a rubber septum and the solution was stirred 
for 30 min at room temperature.  While stirring 
the solution vigorously, 2.00 mL pure water was 
added via a syringe pump with a delivery rate of 
1.00 mL/h. After the addition of 0.4 mL of water, 
the solution turned cloudy. Upon completion 
of the addition, the suspension was transferred 
into a dialysis membrane (Spectra/Por, molecu-
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with a magnetic stirring bar. The vial was capped 
with a rubber septum and the solution was 
stirred for at least 30 min at room temperature. 
Then, ultrapure water (3.00 mL) was delivered 
to the polymer solution via a syringe pump at a 
rate of 1.00 mL/h while stirring the solution vig-
orously (cloud point at 0.25 mL of water). The 
turbid suspension was transferred into a Spectra/
Por dialysis membrane (molecular weight cut-off: 
12,000-14,000 Da, flat width 25 mm) which was 
swollen in the dialysis medium for about 30 min. 
The polymersomes were dialysed against water 
(700 mL) for 24 h, while replenishing the water 
one time. The resulting cloudy solution was anal-
ysed with dry-TEM, cryo-TEM and cryo-SEM.
4.5.8  |  Shape transformation of polymersomes
A solution of PEG44-b-PS182 polymersomes (700 
µL) was placed in a Spectra/Por dialysis mem-
brane (molecular weight cut-off: 12,000-14,000 
Da, flat width 10 mm) which was swollen in the 
dialysis medium for 30 min. The dialysis solution 
was composed of 150 mL MilliQ (50% in volume) 
and a mixture of 75.0 mL distilled THF and 75.0 
mL dioxane (50:50, v:v). To monitor the shape 
transformation by TEM, aliquots of 20 µL were 
quenched in 1000 µL ultrapure water after 0 min, 
15 min, 30 min, 1h, 2h, 6h and 18 h. For cryogenic 
electron microscopy (cryo-TEM and cryo-SEM), 
samples of 100 µL were withdrawn and added at 
once in 400 µL ultrapure water.
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Everyone gets infected by viruses once 
in a while, which occurs when these nano-
sized capsids successfully enter cells in our 
body and start replicating. An enormous va-
riety of structures can be seen among virus-
es, differing in properties such as size, shape 
and surface chemistry. Only the right mix of 
these factors results in effective infection of 
cells. A deeper understanding of the uptake 
mechanism of viral particles is important 
for the development of synthetic nanocap-
sules that can specifically target diseased 
cells and subsequently release their encap-
sulated drugs inside those cells; so-called 
targeted cellular drug delivery.
Previous studies demonstrate that size and 
surface chemistry have an enormous effect 
on the interaction of nanoparticles with 
cells. It was only recently, that the first sci-
entific reports appeared about the effect 
of shape on cellular adhesion and inter-
nalisation. In this chapter, the influence of 
polymersome morphology on Tat-peptide-
mediated cellular uptake is described. Fluo-
rescent spherical polymersomes equipped 
with a handle for Tat-functionalisation 
were designed and prepared, whereupon 
their shape was transformed in cups, disks 
and oblates. Preliminary cell-uptake ex-
periments indicate that our various Tat-
functionalised constructs affected limited 
differences in the degree of adhesion and 
internalisation by non-phagocytotic cells. 
However, more studies are required to draw 
this conclusion with certainty.
The effect of polymersome shape 
on Tat-mediated cellular uptake
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The plasma membrane of a cell constitutes 
the first barrier against the inbound move-
ment of unbidden extracellular compo-
nents. Consequently, regulated transport 
of materials over this phospholipid bilayer 
is one of the current challenges in nanosci-
ence to allow progression towards various 
biomedical and biotechnological applica-
tions.[1] For targeted cellular drug delivery 
and diagnostics, there is a vast interest in 
the exploitation of nanoparticles as car-
rier vehicles based on their unique features, 
such as customised design, large surface-
to-mass ratio for enhanced cell binding, and 
multi-functionality.[2] To date, it has been 
established that the size and surface chem-
istry of nanoparticles have a major effect on 
the interaction with the cellular membrane 
and subsequent internalisation.[1, 3-4] It was 
only recently that researchers became inter-
ested in another chemophysical property: 
shape.[5] 
Numerous biological objects rang-
ing from molecules to viruses and bacteria 
have evolved into non-spherical objects to 
optimise their function and interaction with 
the environment. Although the evolution-
ary reasons for these morphological adap-
tions remain obscure to this day, it is clear 
that deviation from a spherical appearance 
must have been beneficial. In the field of 
nanotechnology, theoretical studies already 
revealed that the use of non-spherical nano-
particles in drug delivery is advantageous in 
terms of cellular adhesion[6] and internalisa-
tion, as well as vascular dynamics[7] and bio-
distribution.[8] 
In the past five years, several experi-
mental studies also confirmed the impor-
tance of nanoparticle shape in drug deliv-
ery and diagnostics has been confirmed.
[9-10] Many of these investigations exploited 
inorganic materials, as it is relatively easy to 
mould these into a range of morphologies.
[11-13] One of the pioneering delivery stud-
ies, employing spherical- and rod-shaped 
gold nanoparticles, reported that receptor-
mediated uptake in mammalian HeLa cells 
is three times more efficient for spheres 
compared to rods with similar dimensions.
[14] However, another study revealed that 
the preference for spherical objects is not a 
rule of thumb; it was demonstrated that the 
degree of internalisation of spherical- and 
cubic gold nanoparticles by breast cancer 
cells is also surface chemistry-dependent.[15] 
Furthermore, when the non-specific cellular 
uptake of mesoporous silica nanoparticles 
by human melanoma cells was investigated, 
rod-shaped particles with a higher aspect 
ratio appeared to be internalised faster and 
more efficient than spheres.[16] A comple-
mentary study confirmed these findings 
using HeLa cells, and additionally demon-
strates that the choice of cellular endocyto-
sis pathway was regulated by particle shape; 
spherical objects were mostly internalised 
via the clathrin-mediated pathway while 
particles with larger aspect ratios preferred 
internalisation via the caveolae-mediated 
pathway.[17]
The use of polymeric nanoparticles in 
biotechnological applications has major 
advantages over inorganic nanoparticles 
in terms of biocompatibility, biodegrada-
bility and toxicity.[18] The leading methods 
to create diversity in the polymeric parti-
cle shape are microfluidics,[19] soft lithog-
raphy[20] and mechanical deformation of 
spherical particles.[21] In one of the few avail-
5.1  |  Introduction
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able shape-dependent cell uptake studies 
of polymeric particles, ellipsoid-like ob-
jects – fabricated via micro-emulsion and 
deformed by stretching – showed higher 
degrees of uptake by HeLa cells than their 
spherical precursors.[22] Comparable find-
ings were observed for phagocytic uptake of 
stretched polymer particles by macrophag-
es,[23] and for endocytosis of nanoparticles 
that were self-assembled from amphiphilic 
block copolymers and functionalised with 
the cell-penetrating peptide (CPP) Tat.[24] 
All of the above reported shape-de-
pendent studies were performed with solid 
nanoparticles, however, hollow objects 
have superior loading capacities and are 
therefore capable of transporting higher 
amounts of material into the cell. Polymeric 
vesicles, nano- to micrometre-sized com-
partments enclosed by a bilayer composed 
of amphiphilic block copolymers, are well-
recognised as promising cellular delivery 
and diagnostics vehicles.[25-27] As result of 
the synthetic nature of these so-called poly-
mersomes, their design can be straightfor-
wardly tailored for a wide range of applica-
tions.[28-29] Besides the established control 
over stability, size and surface chemistry, 
we recently reported a method to trans-
form the commonly obtained spherical 
polymersome morphology into a large as-
sortment of anisotropic shapes.[30-31] It has 
been demonstrated that shape transitions 
of polystyrene(PS)-based vesicular mem-
branes can be triggered by manipulation of 
the phase behaviour from glassy to flexible 
and semi-permeable, in combination with 
applying a osmotic pressure difference.
This chapter describes a study about 
the effect of polymersome shape on the cel-
lular adhesion and subsequent internalisa-
tion process of non-phagocytically active 
cells. By equipping our spherical polymer 
vesicles with both a fluorescent marker and 
a reactive handle for the surface immobili-
sation of uptake-enhancing peptides, we 
could subsequently prepare several poly-
mersome morphologies starting from the 
same batch of spherical polymersomes. This 
approach resulted in a highly comparable 
system with each shape containing similar 
amounts of fluorescence and surface-ex-
Figure 5.1  |  Schematic representation of Tat-mediated cellular uptake of various polymersome mor-
phologies, all prepared by shape transformation starting from the same batch of spherical vesicles.
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posed reactive moieties. In addition, novel 
morphologies such as cups and discs were 
prepared via this method which had not 
been examined for shape-dependent cell 
interaction until now. A better understand-
ing of the relation between shape and up-
take efficiency can be of great importance 
for potential future pharmaceutical treat-
ment of diseased tissues using nanotechno-
logical approaches.
5.2  |  Results and discussion
5.2.1  |  Polymer synthesis and characteri-
sation
All polymeric vesicles were based on the 
amphiphilic diblock copolymer poly(eth-
ylene glycol)-b-polystyrene (PEG-b-PS) as 
this material readily self-assembles into 
well-defined vesicles.[27] Additionally, the 
glass transition temperature (Tg) of PS lies 
far above room temperature, which makes 
this polymer very suitable for the prepa-
ration of a series of kinetically entrapped 
vesicle morphologies.[30-32] As basis of our 
vesicles, the non-modifiable MeO-PEG44-
b-PS240 (2) was prepared by atom transfer 
radical polymerisation (ATRP) of styrene, 
starting from macro-initiator α-methoxy–
PEG44-ω-isobutyrylbromide (1) and using 
CuBr/N,N,N’,N”,N”-pentamethyldiethylene-
triamine (PMDETA) as the catalyst complex 
in anisole at 90 °C (Scheme 1).[33] As deter-
mined with size exclusion chromatography 
(SEC) analysis and matrix-assisted laser 
desorption/ionisation time-of-flight (MAL-
DI-ToF), the number average degree of 
polymerisation (DPn) of polystyrene was 
240 with a low polydispersity index (PDI) 
of 1.07, see Table 5.1. The utilised PEG-mac-
ro-initiator 1 was prepared in high yield by a 
substitution reaction of α-bromoisobutyryl 
bromide with MeO-PEG44-OH. 
One way to promote active cellular 
uptake of polymersomes is by embellish-
ing the outer surface of the vesicles with 
cell-penetrating peptides (CPP).[34] For our 
purposes, the CPP Tat[35-36] – derived from the 
HIV Tat transactivator protein – was select-
ed as it facilitates efficient internalisation by 
various cell types[37] through endocytosis.[38] 
In order to introduce the polycationic Tat 
peptide on polymeric vesicles, amino-func-
tionalised-PEG66-b-PS 6 was synthesised as 
shown in Scheme 5.2. Amino-groups were 
selected as conjugation site because they 
react highly efficiently with various other 
functionalities, such as carboxylic acids, iso-
thiocyanates and succinimidyl esters, under 
O
O
Br
240
O
MeO 44
MeO O O
O
BrMeO O OH
α-bromoisobutyryl
bromide
Et3N, CH2Cl2
Ar atm., 16 h
styrene
CuBr, PMDETA 
anisole, Ar atm.
1    85%
2    60%
44 44
Scheme 5.1  |  Synthesis of matrix polymer PEG44-b-PS via ATRP of styrene from macro-initiator α-methoxy–
PEG44-ω-isobutyrylbromide (1).
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ambient conditions.[39] To ensure effective 
post-self-assembly conjugation of the Tat 
peptide to the amino-moieties on the poly-
mersome outer membrane, PEG66 was em-
ployed; as the corona consists of PEG44, the 
probes would protrude from the surface.[40] 
The hydrophobic block length was aimed to 
approach the DPn of the polystyrene frac-
tion of matrix polymer 2. 
The synthesis of H2N-PEG66-b-PS225 
commenced with ATRP of styrene from 
tert-butyl 2-bromoisobutyrate using CuBr/
PMDETA as the catalyst (Scheme 5.2). When 
the desired DPnPS was reached, 1-phe-
nyl-1-trimethylsiloxyethene was added to 
cap the chains with a ketone; a ketone was 
N
H
O O NH2
66
O
O
O
225
3    66%
HO
O
O
225
4    73%
N
H
O
O
225
OO
H
N
66
5    79%
O
O
Br
1. styrene, CuBr, PMDETA
 anisole, Ar atm., 90 °C
2. OH2C SiMe3
HCl, dioxane
110 °C, 18 h
DiPEA, PyBOP, DMF
0 °C to rt, 4 d
O
O
O
O
TFA, thioanisole 
TIPS, H2O, 5 h, rt
N
H
O
O
225
OOH2N 66
6    quant.
Scheme 5.2  |  H2N-PEG66–PS225 6 was synthesised by attaching HOOC-PS225 4 to BocNH-PEG66-NH2 via an 
amide-bond, followed by Boc-deprotection. 
Entry Mn (SEC)a
(103 g/mol)
PDI (SEC)b
Mw/Mn
m/z (MALDI)c 
(103 g/mol)
DPnPS 
(SEC)c
WPEG (SEC)d 
(%)
MeO-PEG44-Br  (1) 2.2 1.06 2.101 n/a 100
MeO-PEG44-b-PS240 (2) 22.6 1.07 27 240 7.8
tert-BuOOC-PS225 (3) 27.1 1.08 24 225 0
HOOC-PS225 (4) 27.0 1.06 23 225 0
BocNH-PEG66-b-PS225  (5) 17.3f 1.04 26 225 12
H2N-PEG66-b-PS225  (6) 15.9f 1.04 26 225 12
aMolecular weights determined by SEC; SEC calibration was based on the hydrodynamic diameter of 
PS standards; bThe PDI was calculated by the quotient of Mw and Mn obtained by SEC measurements; 
cMolecular weights determined with MALDI-ToF mass spectrometry; dCalculated number average de-
gree of polymerisation of PS (DPnPS) derived from the molecular weight obtained by MALDI-ToF analy-
sis; eCalculated weight fraction (W) of the PEG segment of the block copolymers based on MALDI-ToF 
results; fThe molecular weight deviates from other values due to measurements using a different SEC 
column.
Table 5.1  |  Molecular characteristics of polymers 1-6.
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found to be inert during following reaction 
steps, contrarily to the usually obtained 
bromide after ATRP. The resulting tert-bu-
tyloxycarbonyl-PS 3 consisted of a DPnPS of 
225 according to MALDI-ToF and SEC analy-
sis and contained a narrow PDI of 1.08 (Ta-
ble 5.1). Deprotection of the tert-butylester 
of polymer 3, performed in a mixture of 
1,4-dioxane (dioxane) and HCl, was mon-
itored by proton nuclear magnetic reso-
nance (1H NMR) measurements and yielded 
HOOC-PS225 4 in 73% after workup through 
precipitation in methanol (MeOH). Next, 
two equivalents of hetero-functional α-tert-
butylcarbamate(BocNH)-PEG66-ω-amine 
were reacted with the carboxylic acid of 
polymer 4 employing (benzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP) as the coupling re-
agent together with N,N-diisopropylamine 
(DiPEA) in N,N-dimethylformamide (DMF). 
The resulting BocNH-PEG66-b-PS225 5 was fi-
nally treated with trifluoroacetic acid and 
little H2O to deprotect the amino-group and 
produce H2N-PEG66-b-PS225 6 in quantitative 
yield. Thioanisole and triisopropylsilane 
(TIPS) were added to the reaction mixture to 
act as scavengers by capturing the cleaved 
tert-butyl cations.  
5.2.2  |  Preparation of Tat-functionalised 
polymersomes
To generate Tat-functionalised polymer-
somes, 10 wt% of H2N-PEG66-b-PS 6 was 
incorporated in the polymersome mem-
branes consisting of matrix polymer PEG44-
b-PS 2. To this end, the two polymers were 
together dissolved in a mixture of tetrahy-
drofuran (THF) and 1,4-dioxane (dioxane, ra-
tio THF:dioxane 80:20 vol%), which are good 
solvents for both polymer segments, at a 
typical concentration of 1 wt%. Ultrapure 
water, a precipitant for PS, was slowly titrat-
ed to the vigorously stirring polymer solu-
tion until the water content in the mixture 
reached 75%. The cloudy suspension was 
subsequently transferred to a dialysis mem-
brane and dialysed against pure water for 24 
h to remove the organic solvents. 
For the immobilisation of the polyca-
tionic Tat onto the surface of the vesicles, 
thiol–maleimide chemistry was selected 
as peptides are excellent candidates for 
facile introduction of thiol-functionalities. 
The complementary maleimide was intro-
duced on the polymersomes by reacting 
the amino-groups with a short N-succin-
imidyl-6-maleimidocaproate (NHS–Mal) 
linker; around pH 7, the reaction of amines 
with NHS esters proceeds at a much great-
er rate than the reaction with maleimides.
[39] We selected this double immobilisation 
strategy because the stability of maleim-
ide moieties in an aqueous environment 
is limited; co-assembly of a maleimide-
functional block copolymer would takes 
several hours, which is long enough for the 
decomposition of a significant amount of 
reactive groups. The coupling of NHS–Mal 
to the NH2-polymersomes was executed in 
phosphate buffer (20 mM, pH 7.4) with 25 
equivalents of succinimidyl-ester relative 
to the amount of accessible amines. The 
excess of reagent was quickly removed by 
filtration, followed by several washing steps 
with HEPES buffer (20 mM, pH 7.4) to simul-
taneously exchange the previous buffer for 
the required medium. Directly after purifi-
cation, the obtained maleimide-functional-
ised vesicles were treated with a pre-mixed 
solution of Tat-SH (GRKKRRQRRR-(CH2)5-C, 
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25 eq. relative to initial amount of accessible 
NH2-moieties) and reducing agent tris(2-car-
boxyethyl)phosphine (TCEP) in water for 16 
h. Finally, the TCEP and unbound peptides 
were removed by extensive dialysis against 
MilliQ water with frequent replenishment of 
the dialysis medium. The accomplishment 
of Tat-immobilisation was finally verified by 
measuring the zeta potential of the vesicles 
before and after treatment. With the drastic 
change in zeta potential from -19.4 mV for 
the NH2-polymersomes to +30.7 mV for the 
Tat-thioether-vesicles, it was concluded that 
both conjugation steps proceeded with 
considerable efficiency (Figure 5.2).
The above described approach to pre-
pare Tat-exposing polymeric vesicles proved 
to be more successful than other methods 
of functionalisation. For example, the Cu-
assisted azide-alkyne cycloaddition reac-
tion of Tat-N3 (N3-GRKKRRQRRRGC(Acm)) on 
polymersomes composed of 10 wt% of acet-
ylene–PEG66-b-PS[41] and PEG44–PS240 merely 
led to a small change in zeta potential from 
-23.8 mV for the acetylene-polymersomes 
to -16.5 mV for the Tat-triazole-vesicles (Fig-
ure 5.2). When a Tat peptide with a short 
pentane-linker between the glycine and 
azide was used to react with the acetylene 
polymersomes, no coupling occurred at all 
considering a zeta potential of -24.7 mV for 
the Tat-linker-triazole-vesicles.
5.2.3  |  Preparation of fluorescent labelled 
polymersomes through encapsulation
Fluorescent probes are commonly applied 
to visualise and quantify (active) uptake of 
polymersomes by cells without interfer-
ing with the cellular metabolism.[42] There 
are basically two possible approaches to 
prepare fluorescent polymeric vesicles; 1) 
encapsulation of a fluorophore in the aque-
ous lumen or hydrophobic interior of the 
membrane, or by 2) conjugation of a fluores-
cent probe to the block copolymers pre- or 
post-self-assembly. As encapsulation is the 
least labour-intensive method to prepare 
fluorescently labelled polymersomes, it 
was first attempted to include rhodamine B 
(RhodB) in the lumen of our vesicles. To this 
end, self-assembly was induced by adding 
fluorophore-containing MilliQ to the molec-
ularly dissolved polymers in organic solvent. 
The non-encapsulated RhodB was removed 
by dialysis against MilliQ. The purified ves-
icles were subjected to increased volume 
fractions of the organic solvents THF and 
dioxane – required for the preparation of 
various polymersome shapes – to verify 
whether the flexible and solvent-swollen PS 
bilayer remained impermeable to RhodB.[43] 
As depicted in Figure 5.3, fluorescence spec-
troscopy (excitation wavelength (λex): 540) 
of some aliquots in time shows that all the 
rhodamine B escaped from the lumen with-
in several hours.
Figure 5.2  |  Zeta potential values of polymer-
somes with different surface functionalities.
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To ensure that the fluorophore could 
not escape from the lumen when the PS 
membrane becomes flexible to facilitate 
shape transformation, rhodamine B isothio-
cyanate (RBITC) was coupled to a big cargo 
molecule. The enzyme Candida antarctica 
lipase B (CalB) was selected as bulky group 
for its readily modifiable lysines and known 
stability in organic solvents.[44] Treatment of 
CalB with RBITC in the presence of a base 
indeed resulted in a very pink protein mate-
rial after extensive purifications by centrifu-
gation. The RBITC-labelled CalB (RBITC-CalB) 
was then incorporated in PEG-b-PS polym-
ersomes following a comparable method as 
for the encapsulation of rhodamine B. When 
the prepared RBITC-CalB vesicles were sub-
jected to increased contents of organic sol-
vents, however, a similar decrease in fluores-
cence signal was observed as for unbound 
RhodB. This outcome was a surprise since 
CalB has a molecular weight of 33.5 kDa, and 
made us question whether the enzyme was 
actually encapsulated inside the lumen of 
the vesicles. To verify this, two small exper-
iments were conducted: 1) treatment with 
trypsin to cleave CalB in smaller fractions 
and clear the polymersome surface from 
any non-specifically adhering enzymes and 
2) addition of trypan blue to quench any 
fluorescence that was present outside the 
vesicles. In both cases, the treated polym-
ersome samples demonstrated a significant 
loss in fluorescence intensity (λex: 540) com-
pared to the non-treated, control sample, 
which indicates that a substantial amount 
of the RBITC-CalB was non-covalently at-
tached to the polymersome corona instead 
of being encapsulated (Figure 5.4).
5.2.4  |  Preparation of fluorescent-labelled 
polymersomes through cooperative as-
sembly
Figure 5.3  |  The fluorescent signal of Rhodamine 
B (λex: 540) in the polymersomes drastically de-
creased in time to virtually zero when the vesi-
cles were kept in an organic solvent-rich (50 vol% 
with 50 vol% water) medium. The decrease in sig-
nal indicates leakage of the encapsulated RhodB 
out of the vesicular lumen.
Figure 5.4  |  Using fluorescence spectroscopy, 
it was demonstrated that a significant amount 
of RBITC-CalB was non-specifically adhered to 
the polymersome surface instead of being en-
capsulated. Both the polymersome samples 
treated with trypsin (including trypsin control) 
or trypan blue to partially remove or quench sur-
face-bound RBITC-CalB respectively, gave sub-
stantial decreased fluorescence intensities at λex: 
540 nm.
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Because the preparation of fluorescent 
polymersomes by encapsulation was less 
straightforward as initially anticipated, we 
decided to switch strategies and covalently 
link a fluorescent dye to the vesicular mem-
brane. Hereto, the polymer RBITC–PEG23-
b-PS 11 was synthesised (Scheme 5.3, Table 
5.2). The DPn of PEG was explicitly chosen to 
be shorter than the PEG44-forming corona 
to preclude any influences of rhodamine on 
the cellular uptake mechanism. As the cou-
pling of RBITC to H2N-PEG23-b-PS did not give 
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tert-BuOOC-PS185 (7) 19.7 1.06 19 185 0
HOOC-PS185 (8) 19.2 1.11 19 185 0
Acetylene–PS185 (9) 19.6 1.06 19 185 0
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Scheme 5.3  |  RBITC–PEG66-b-PS185 11 was prepared by reacting RBITC–PEG23-N3 10 with acetylene–PS185 9 
via a CuI-mediated azide–alkyne cycloaddition.
Table 5.2  |  Molecular characteristics of the polymers 7-9, 11 and 14. 
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polymersome membranes gave sufficient 
contrast but did not interfere with the ac-
tive uptake process by cells, constructs were 
prepared with matrix polymer PEG44–PS240 
and 1 or 5 wt% of rhodamine B-polymer 11. 
The vesicles with 5 wt% 11 showed some on-
ion-like self-assembly structures according 
to transmission electron microscopy studies, 
while for the 1 wt% batch only unilamellar 
polymersomes were obtained (not shown). 
These observations indicate that the PEG 
length of RBITC–PEG23–PS was possibly too 
short, which disturbed the formation of de-
fined polymersome bilayers. Nonetheless, 
HeLa cells that were seeded one day before 
the experiment, were incubated with both 
types of vesicles for 4 h at 37 °C. The cells were 
thoroughly washed with medium and im-
full conjugation after long reaction times, 
RBITC was first attached to amino–PEG23–
azide to obtain RBITC–PEG23-N3 10 in good 
yield. Block copolymer 11 was subsequently 
prepared via a CuI-mediated azide–alkyne 
cycloaddition between PEG 10 and PS 9, 
which was derived from a reaction between 
HOOC-PS185 8 and propargylamine using 
PyBOP as coupling reagent together with 
DiPEA in DMF. Polymer 8 was synthesised 
following similar procedures as described 
for HOOC-PS225 4 (not shown). 
Rhodamine 123, a member of the rho-
damine family of fluorone dyes, is well-
known for its ability to stain mitochondria in 
living cells as result of its positive charge at 
physiological pH.[45-46] To consolidate wheth-
er incorporation of RBITC–PEG23-b-PS in the 
Figure 5.5  |  Confocal micrographs of HeLa cells incubated with polymersomes containing a-c) 5 wt% 
RBITC–PEG–PS or d-f ) 1 wt% RBITC–PEG–PS. Panel a,d) show the signal of the fluorescent channel, b,e) 
the bright field channel and c, f ) the overlay of the two channels. 
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mediately thereupon imaged with confocal 
laser scanning microscopy (CLSM) using an 
argon laser. As depicted in Figure 5.5, confo-
cal fluorescence microscopy demonstrates 
significant uptake of 5 wt% RBITC-function-
alised polymersomes by HeLa cells. The 1 
wt% polymersome batch hardly gave a per-
ceptible fluorescence signal, indicating that 
a certain concentration of RhodB has to be 
present on the membrane surface to induce 
cell uptake. Although rhodamine B is not 
really acknowledged as an autonomously 
cell-penetrating dye, our results point out 
otherwise. Therefore, we concluded that 
rhodamine was not the most suitable type 
of fluorophore for our experiments, even 
when it was attached to a shorter PEG linker 
than the surrounding corona which in prin-
ciple should minimise its surface exposure. 
We envisioned that a more suitable 
fluorophore for our studies would be Atto-
dye 488 (Atto488); it has a high quantum 
yield with high photostability, and is nega-
tively charged at physiological pH, thus will 
presumably not be autonomously taken up 
by the cells. The synthesis of Atto488–PEG44-
b-PS225 14 commenced with the reaction 
between BocNH-PEG44–amine and the NHS 
ester derivative of Atto488 (Scheme 5.4). 
This time, PEG44 was deliberately selected 
instead of PEG23 to reduce the possible fab-
rication of misassembled vesicles. The prod-
uct of the reaction, Atto488–PEG44–amine 
13, was then ligated to HOOC-PS225 4 using 
PyBOP and DiPEA as coupling reagents. 
The resulting Atto488–PEG44-b-PS225 14 was 
obtained as a pure, green fluorescing solid 
after chromatography over silica gel and 
subsequent preparative recycling SEC (Ta-
ble 5.2). Co-assembly of Atto488-polymer 14 
together with PEG–PS 2 gave a mixture of 
well-defined polymeric vesicles (~ 400 nm 
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Scheme 5.4  |  The synthesis of Atto488–PEG44-b-PS225 14 was achieved by coupling Atto488–PEG44-NH2 13, 
derived from a reaction between BocNH-PEG44-NH2 with Atto488–NHS ester,  with HOOC-PS225 4.
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50/50(=50:50), respectively. Aliquots were 
withdrawn in time and quenched in an ex-
cess of ultrapure water to vitrify the PS seg-
ments in order to develop enough rigidity 
and thus preserve the present morphology 
at the moment of retraction. The various 
samples were analysed by both traditional 
dry cast TEM and cryogenic (cryo-)TEM to 
ensure that the observed topographies 
were the result of actual shape transforma-
tion, and not merely a drying artefact. 
The first evident shape changes were 
observed after 1.5 h of dialysis in the partial 
organic, partial aqueous medium (Figure 
5.6b,f ). The spherical polymersomes trans-
formed into uniconcave discocytes, assum-
ingly because of osmosis-driven migration 
of a large fraction of the entrapped water 
molecules out of the lumen through the 
solvent-swollen and semi-permeable mem-
brane. The polymer constructs responded 
in diameter) and very small polymersomes 
(~50 nm), of which the latter could easily be 
removed by centrifugation (micrographs 
not shown).
5.2.5  |  Preparation of a series of Tat-func-
tionalised, fluorescent-labelled polymer-
some morphologies
With the procedures to prepare Tat- and 
fluorophore-functionalised polymersomes 
sorted out, a series of morphologies could 
be prepared for cell uptake experiments. 
Yet first, the shape change trajectory start-
ing from non-functional spherical vesicles 
was explored.[31] To this end, polymersomes 
were assembled from PEG44-b-PS260 exclu-
sively, following the previously mentioned 
procedure.  The aqueous vesicle dispersion 
was then dialysed against a mixture of wa-
ter/(THF:dioxane) with volume ratios of 
Figure 5.6  |  Shape transformation of PEG44-b-PS240 polymersomes over time, illustrated by dry-TEM (a-
d) and cryo-TEM (e-h). The aqueous polymersome dispersion was dialysed against a mixture of water/
(THF:dioxane) (50/50(50:50) vol%) and aliquots were withdrawn after a,e) 0h, b,f ) 1.5 h, c,g) 2.5 h and d,h) 
3.5 h. All scale bars: 200 nm.
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batches of Atto488/NH2-exposing (2.5 wt% 
and 10 wt%, respectively) spherical vesicles, 
that were combined into one stock solu-
tion to preclude any effects on the uptake 
experiments caused by variation in size and 
surface chemistry. Since it was experimen-
tally discerned that the presence of Tat on 
the polymersome membrane influenced 
the shape transformation process notably 
– probably attributed by the many positive 
charges on the peptide – the deformation 
experiments were performed with Atto488/
NH2-functional vesicles. Nonetheless, we 
think that immobilising the peptide post-
deformation would not significantly affect 
the degree of Tat-functionalisation of the 
various shapes since all morphologies con-
tained the same amount of reactive NH2-
handles. Three batches of aqueous Atto488/
NH2-spherical vesicle suspensions were sep-
arately transformed into differing shapes 
to this drastic decrease in internal volume 
by transforming into relatively flat objects. 
The next aliquot was quenched after 2.5 h 
of dialysis, and by then the polymersome 
morphology was changed into stomato-
cytes with a wide opening (Figure 5.6c,g). It 
seemed that the internal volume increased 
slightly again, which transformed the uni-
concave discocytes into rather flat, bowl-
shaped structures. After 3.5h of dialysis, the 
membranes were further inflated into disks, 
whereby the earlier indent practically dis-
appeared (Figure 5.6d,h). Upon continuing 
the dialysis process, also the disks swelled 
up until the maximum internal volume was 
reached and the spherical polymersomes 
morphology was restored (not shown).[31]
Next, we continued with the prepara-
tion of a series of Tat- and Atto488-function-
al polymersome shapes. The experiments 
commenced by self-assembly of several 
Figure 5.7  |  a-d) TEM and e-h) cryo-SEM micrographs of the shape transformation of spherical 
Atto488,NH2-PEG–PS polymersomes (2.5 and 5.0 wt% of the polymers, respectively) over time. The panels 
a,e) depict the spherical precursor vesicles (S1) which were transformed into b,f ) hemispherical domes 
(S2), c,g) semi-uniconcave discocytes (S3) and d,h) oblates (S4). The cryo-SEM micrographs in f,g) mainly 
depict cross-sections of vesicles as result of cleavage of the membranes during sample preparation. All 
scale bars: 500 nm.
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tinued for 5 minutes more, the structures 
inflated into slightly uniconcave discocytes 
(shape S3, Figure 5.7c,g). The final polymer-
some batch was quenched once the mem-
branes had adopted an oblate structure 
(shape S4, Figure 5.7d,h).
Finally, the morphologies S1-S4 were 
individually treated with Mal–NHS and Tat-
SH, respectively, following the procedures 
as described earlier. The degree of peptide-
functionalisation was verified with zeta po-
tential measurements before (Figure 5.8a) 
and after immobilisation (Figure 5.8b). The 
major shift in surface potential of +30 mV or 
more on all polymersome morphologies in-
dicates that the Tat-peptide immobilisation 
was successful. 
5.2.6  |  Cellular uptake visualised by confo-
cal microscopy
To qualitatively investigate whether all four 
polymersome shapes showed cell interac-
tion, the non-phagocytotic HeLa cell line 
through dialysis in water/(THF:dioxane) 
(50/50(=50:50) in vol%). Because a different 
type of dialysis tubing was employed com-
pared to previous experiments due to larger 
dispersion volumes, the dialysis time had to 
be reduced to obtain suitable morpholo-
gies. After 20, 25 and 30 minutes of dialysis, 
the shape was frozen by the addition of an 
excess of MilliQ, whereupon the remain-
ing organic solvents were immediately re-
moved by placing the dialysis bag in pure 
water. The precursor vesicles and the result-
ing samples were analysed by dry-TEM and 
cryo-SEM (Figure 5.7). Starting from spheri-
cal vesicles (shape S1) as depicted in Figure 
5.7a,e, the morphology was dominated by 
hemispherical domes (shape S2) after 20 
min of dialysis (Figure 5.7b,f ). Shape S2 is 
not to be confused with kippah,[47] which 
lack internal volume as these hemispherical 
domes still contain some amount of water 
inside according to the cross-sections vis-
ible in the cryo-SEM micrograph (Figure 
5.7f ). When the transformation process con-
Figure 5.8  |  Zeta potential values of the Atto488-polymersomes and shapes S1-S4 a) before and b) after 
immobilisation of Tat-SH peptide.
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Figure 5.9  |  Confocal micrographs of HeLa cells incubated with Atto488-polymersomes and the Tat-
functionalised constructs S1-S4.
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24 h at 37 °C. Since cellular uptake of our ves-
icles is a two-step process – attachment of 
the particle to the cell surface, followed by 
internalisation – two different detachment 
methods were deployed; half of the samples 
were detached by conventional trypsinisa-
tion and the other half were treated with 
an enzyme free buffer. It was hypothesised 
that trypsin would both disconnect the cells 
from the plate surface as well result in cleav-
age of all the extracellular adhered vesicles. 
The enzyme-free buffer, on the other hand, 
is much milder and was expected to detach 
the cells without removing the surface-
bound vesicles. The outcome of the flow cy-
tometry experiments, performed in triplo, is 
depicted in Figure 5.10. 
The first conclusion that can be drawn 
from the flow cytometry results is that the 
Tat peptide has a clear influence on the cell 
interaction; the signals of the HeLa cells 
incubated with Atto488-polymersomes 
were extremely low compared to the Tat-
vesicles. This observation is in agreement 
with the earlier discussed results found for 
the confocal microscopy studies. However, 
the two analysis methods are in disagree-
ment when it comes to the ratio between 
the adhered and internalised vesicles after 
4 h of incubation. According to flow cytom-
etry, 30 to 50% of the polymersomes were 
taken up compared to the amount of ex-
tracellular bound constructs, while CSLM 
indicates a drastically lower percentage. 
This difference is assumingly the result of 
two factors: 1) the trypsin-treatment did not 
cleave off all adhered cells, or 2) the enzyme 
free buffer did remove some adhered cells 
after all, although a combination of both 
mentioned situations is also likely. Further-
more, the results after 4 h incubation time 
was incubated with Tat-exposing constructs 
S1-S4 for 4 h at 37 °C, followed by visualisa-
tion with confocal laser scanning microsco-
py (CLSM, Figure 5.9). To assign the influence 
of Tat-peptides on the adhesion and uptake 
of our polymersomes, a fifth batch of HeLa 
cells was treated with Tat-free Atto488-ves-
icles. As expected, virtually no fluorescence 
signal could be detected for the samples in-
cubated with these Atto488-polymersomes.
[48] Since the cells incubated with Tat-func-
tional vesicles S1-S4 were clearly visible on 
the confocal micrographs, it was concluded 
that the peptide is crucial to acquiring inter-
action between the polymersomes and this 
particular cell type. 
Judging on the location of the S1-S4 
polymersomes on the overlay images in 
Figure 5.9, it seems that the majority was 
adhered to the cell surface and only a small 
portion was actually internalised, presum-
ably via macropinocytosis.[49-51] This impres-
sion was reinforced by acquiring images of 
planes at various depths within the same 
cell samples (z stacks, not shown). Since 
the average size of the polymersomes pre-
sented to the cells is rather large (200-400 
nm in diameter), it is well well-possible that 
an incubation time of 4 h was insufficient to 
obtain large degrees of internalisation.
5.2.7  |  Cellular uptake quantified with 
flow cytometry
To address a potential shape-dependency 
effect in the uptake of various Tat-covered 
polymersome morphologies, the cellular 
uptake was additionally analysed with flow 
cytometry. To this end, cells were incubated 
with Atto488-vesicles or one of the four Tat-
functionalised morphologies during 4, 12 or 
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results, the conclusion can be drawn that 
adherence of each of the particle shapes to 
the cell membrane occurred considerably 
fast, while actual internalisation started to 
take place somewhere between 4 h and 12 
h. This theory is strengthened by the fact 
that the amount of internalised vesicles 
in relation to the bound polymersomes 
changed in time from 30-50% for 4 h to 70-
85% for 12 h. Notably, the calculated ratios 
adhered-to-bound for the 12 h and 24 h ex-
periments are very comparable for the dif-
ferent shapes. However, it should also be 
mentioned that the error bars of the cells 
treated with enzyme free buffer after 24 h 
are surprisingly large. The reason of these 
large variations remains unclear to date, es-
pecially since significant smaller deviations 
were found for the trypsin-detached cells 
after the same period of incubation. Finally, 
in agreement to the 4 h experiment, incuba-
might suggest more efficient internalisation 
in relation to adherence for the spherical 
S1 polymersomes compared to the other 
shapes, however, this could also be effected 
by more effective trypsin-cleavage of S1 as 
the less curved surfaces of S2-S4 might give 
stronger adhesion. Finally, by comparing 
the fluorescence signals of all shapes after 4 
h that were detached via the same method, 
there seem to be little differences between 
the shapes, with S2 giving both the highest 
attachment and highest uptake. However, 
considering the error bars accompanying 
each data point, cautiousness in drawing 
such conclusions should be obeyed until 
more experiments are performed. 
All fluorescence signals obtained after 
12 h of incubation are several times higher 
compared to the 4 h experiments, and the 
values after 24 h are more or less doubled 
compared to 12 h. Together with the CSLM 
Figure 5.10  |  Quantification of the cellular adherence and uptake of Tat-exposing polymersome mor-
phologies S1-S4 by HeLa cells. 
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interaction with non-phagocytotic HeLa 
cells compared to the non-Tat-functional-
ised polymersomes. Both confocal fluores-
cence microscopy studies as well as flow 
cytometry analysis of cells incubated with 
each of the four examined morphologies 
showed fast adherence for all nanocon-
structs to the cell membrane, yet the actual 
uptake was a much slower process.
5.4  |  Outlook
The results of this study are too preliminary 
to draw definite conclusions on differenc-
es in the degree of adhesion and uptake of 
Tat-functionalised spheres, cups, disk or ob-
lates. This result seems to be in contraction 
with the various studies known in literature. 
However, the few reports about shape-de-
pendency on Tat-mediated uptake by HeLa 
cells describe experiments with nano-ob-
jects that show a much larger variety in 
shape and size, ranging for instance from 
small micelles to micrometre long worms.[24]
There is a possibility that for Tat-medi-
ated uptake, shape is not one of the deter-
mining factors. Yet to draw this conclusion, 
many more studies have to be performed, 
for instance by investigating the effect of 
nanoparticle morphology on several other 
non-phagocytotic cell types. But perhaps 
more importantly, the concentration of Tat 
should be varied. It is probable that in our 
experiments, the surfaces of our constructs 
were covered with so much Tat-peptides 
that any effect of their particular shapes got 
ruled out. Furthermore, cell studies were 
performed with vesicles of 200-400 nm in 
diameter. It is possible that at this scale, 
shape has a minimal effect on Tat-mediat-
ed adherence and internalisation. It would 
tion of the cells with the different morphol-
ogies S1-S4 for 12 h and 24 h did reveal some 
differences in the concomitant fluorescence 
intensities. If there is one shape that stands 
out from the rest, it is S1; as it showed the 
lowest fluorescence signal for all three time 
points and two detachment methods com-
pared to S2-S4. Nonetheless it is clear that 
these data only allow us to draw these con-
clusions with major reservation. Additional 
data are required to provide more definite 
answers about shape-dependence in Tat-
mediated cell-adherence and uptake of 
polymersomes.
5.3  |  Conclusions
In summary, studies towards elucidating 
a possible relation between polymersome 
shape and Tat-mediated cellular uptake 
have been performed. Although prelimi-
nary, initial data indicate only limited effects 
of the various examined vesicular morphol-
ogies – spheres, cups, discs and oblates – on 
the adhesion and subsequent internalisa-
tion by non-phagocytotic HeLa cells. In or-
der to get a clearer view on these results, 
more cell uptake experiments are required.
Nonetheless, an effective route has 
been developed to prepare highly fluo-
rescent, Tat-peptide-functionalised poly-
mersomes. Various unique polymersome 
morphologies were successfully prepared 
by shape transformation, starting from the 
same batch of spherical precursor vesicles. 
This resulted in a highly comparable system, 
in which all the various shapes contained 
exactly similar amounts of fluorophores and 
reactive handles for subsequent Tat-func-
tionalisation. All the fabricated peptide-ex-
posing vesicular shapes showed abundant 
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(THF) was distilled under Ar atmosphere from 
sodium/benzophenone or dried by purging over 
an activated alumina column using an MBraun 
MB SPS800 system under nitrogen atmosphere; 
dichloromethane (CH2Cl2) and triethylamine 
(Et3N) were distilled under Ar atmosphere from 
CaH2. The MilliQ water used for self-assembly 
experiments and dialysis of polymersomes was 
double deionised with a Labconco Water Pro PS 
purification system (18.2 MΩ). Styrene was dis-
tilled before use and CuBr was purified by wash-
ing it with glacial acetic acid, ethanol and dieth-
ylether, respectively, followed by drying in vacuo 
and storage in the dark under Ar atmosphere. All 
other reagents and solvents were of the highest 
quality grade available and acquired from com-
mercial sources. 
If no further details are given, reactions 
were carried out under ambient atmosphere 
and temperature. Thin layer chromatography 
(TLC) was performed on Merck TLC Silica gel 60 
F254 plates (layer thickness 1.00 mm). The TLC 
plates were analysed by ultra-violet (UV) light ir-
radiation at wavelength (λ): 254 nm and/or 366 
nm, and/or staining with KMnO4 (10% KMnO4 in 
2 M NaOH with K2CO3). Purifications by silica gel 
column chromatography were carried out using 
Silicycle silica gel (0.040-0.043 mm and ca. 6 nm 
pore size); column chromatography over alumi-
na oxide was performed with Acros activated ba-
sic alumina oxide (0.060-0.200 mm). 
The HeLa and HEK 293 cells were main-
tained in PAN Biotech Dulbecco’s Minimum Es-
sential Medium (DMEM) and the Jurkat E6.1 cells 
in PAN Biotech Roswell Park Memorial Institute 
(RPMI) medium 1640, all supplemented with 10% 
PAN Biotech fetal calf serum (FCS). All three cell 
lines were cultured at 37 °C in a humidified incu-
bator retaining a 5% CO2-containing atmosphere.
5.6.2  |  Instrumentation
Nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker DMC300 (75 MHz for 13C), a 
Varian Inova 400 (400 MHz for 1H, 100 MHz for 13C) 
or a Bruker Avance III 500 (500 MHz for 1H, 125 MHz 
for 13C) spectrometer. 1H NMR chemical shifts (δ) 
are reported in parts per million (ppm) relative 
therefore be interesting to repeat our stud-
ies with several vesicular morphologies that 
contain a diameter of 500 nm to 1 µm.
Finally, the elegance of the presented 
polymersome system is its versatility. For 
these particular studies, the cell-penetrating 
peptide Tat was selected, nonetheless there 
are numerous other cell-uptake-enhancing 
materials that can be immobilised onto the 
surface of our polymeric vesicles. All cur-
rently published reports in literature use dif-
ferently shaped nanoparticles, different cell 
lines and different uptake-stimuli, which 
makes it hard to compare them and gener-
ate a general applicable rule-of-thumb. Our 
system could help in providing more clar-
ity since one batch of polymersomes with 
the same morphology can be easily embel-
lished with various uptake enhancing mate-
rials, which subsequently can be deployed 
for uptake experiments using several cell 
types.
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5.6  |  Experimental section
 
5.6.1  |  Materials
Unless stated otherwise, all chemicals were used 
without further purification. Tetrahydrofuran 
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(DPB, 50 µL of 20 mg/mL), silver trifluoroacetate 
(Ag·TFA, 50 µL of 5.0 mg/mL) and polymer (50 µL 
of 2.00 mg/mL) in THF. Spots of 0.3, 0.6 and 0.9 
µL were placed on the MALDI sample plate and 
air-dried before analysis.[52]
Liquid chromatography/mass spectrome-
try (LCMS) analyses were performed on a Ther-
mo Finnigan LCQ-Fleet electron spray ionization 
(ESI)-ion trap system, equipped with an Alltima 
C18 column (3 µm, 2.1 × 150 mm. The system was 
eluted with formic acid (0.1 vol%) acidified aceto-
nitrile (MeCN):H2O, using a gradient starting from 
20:1 to 0:100. 
For the self-assembly of polymersomes, 
a Harvard Apparatus PicoPlus syringe pump 
was used in combination with a 5 mL syringe 
equipped with a steel needle. The pump was cali-
brated to deliver water with a speed of 1.00 mL/h. 
Dynamic light scattering (DLS) measure-
ments were recorded in a Malvern Instrument 
Zetasizer Nano-S (ZEN 1600), equipped with a 
He-Ne laser (633 nm, 4 mW) and an Avalanche 
photodiode detector at an angle of 173°. The DLS 
data were processed and analysed with Malvern 
Instruments Dispersion Technology Software.
The zeta potential of the particle disper-
sions was measured with a Malvern Instruments 
Zetasizer Nano-ZS (ZEN 1600) apparatus. A sample 
was typically prepared by diluting the polymer-
some solution (50 μL) in MilliQ water (1.00 mL) 
and subsequently loaded in a Malvern dispos-
able folded capillary cell. The reported value is an 
average of three measurements.
Transmission electron microscopy (TEM) 
was performed on a JEOL JEM 1010 microscope 
with an acceleration voltage of 60 kV and 
equipped with a charge-coupled device (CCD) 
camera. Sample specimens were prepared by 
placing a drop of a much diluted aqueous vesicle 
solution on an EM science carbon coated copper 
grid (200 mesh). The grid was subsequently air-
dried for at least 4 hours. 
For cryogenic transmission electron micros-
copy (cryo-TEM) analysis, the specimens were 
examined in a Tecnai 12 microscope, operated at 
120 kV using a Gatan cryo-holder system. A small 
droplet of the suspension (1.2 μL) was placed on a 
to a residual proton peak of the solvent; δ: 7.26 
for CDCl3, and δ: 3.31 for CD3OD. Multiplicities are 
reported as s (singlet), d (doublet), t (triplet) and 
m (multiplet). Broad signals are indicated by the 
addition of br. Coupling constants are reported 
as J value in Hertz (Hz). The number of protons 
(n) for a given resonance is indicated as nH and 
is based on spectral integration values. 13C NMR 
chemical shifts (δ) are reported in ppm relative to 
a residual carbon peak of the solvent; δ: 77.0 for 
CDCl3 and δ: 49.0 for CD3OD. 
Fourier transform infrared spectroscopy 
(FT-IR) spectra were recorded on an ATI Matson 
Genesis Series FT-IR spectrometer fitted with an 
attenuated total reflectance (ATR) cell. The vibra-
tions (ν) are given in cm-1. 
Molecular weights of the block copolymers 
were measured on a Shimadzu size exclusion 
chromatograph equipped with a guard column, 
a Polymer Laboratories PLgel 5 µm mixed D column 
and differential refractive index (RI) and UV (λ: 
254 nm) detection. The system was eluted with 
THF (analysis grade) using a flow rate of 1.00 mL/
min at 35 °C. The calibration was performed with 
polystyrene (PS) standards ranging from 580 to 
377,400 g/mol or with poly(ethylene glycol) (PEG) 
standards ranging from 400 to 22,800 g/mol.
Product purification by preparative recy-
cling gel permeation chromatography (GPC) was 
performed on a Shodex GPC H-200.5 column (15 
µm, 500 × 20 mm) placed in series with a Sho-
dex GPC H-2002 column (15 µm, 500 × 20 mm). 
The system was run on CHCl3 (analytical grade) 
with a flow rate of 3.50 mL/min, maintained by 
a Shimadzu LC20AT pump, and equipped with an 
ultra-violet (UV) SPD-20A detector. After injec-
tion, the sample was circulated over the columns 
multiple times until a clear separation could be 
detected. Finally, the system was eluted and the 
products were collected using an automated 
CHF 122 SB fraction collector set at one tube per 
minute.
Matrix-assisted laser desorption/ionisation 
time-of-flight (MALDI-ToF) mass spectra were 
recorded on a Bruker Biflex III spectrometer. Sam-
ples were prepared by combining the solutions 
of matrix trans,trans-1,4-diphenyl-1,3-butadiene 
123
  |  The effect of polymersome shape on Tat-mediated cellular uptake
MeO
O
O
O
Br
44
Modified literature procedure:[33] α-methoxy–
poly(ethylene glycol)44-ω-hydroxide (MeO-PEG44-
OH, 5.00 g, 2.50 mmol) was dried by co-evap-
oration with toluene (20 mL) using a rotary 
evaporator. The polymer was dissolved in freshly 
distilled THF (50 mL) in a flame-dried Schlenk 
flask equipped with a stirring bar. After addition 
of Et3N (dry, 1.04 mL, 7.50 mmol), the mixture was 
cooled to 0 °C. Finally, α-bromoisobutyryl bro-
mide (616 µL, 5.00 mmol) was added dropwise 
via a syringe. The reaction mixture was stirred for 
18 hours while slowly warming to room tempera-
ture. The white precipitate was filtered off and 
the solvent was evaporated in vacuo. The crude 
product was re-dissolved in a little THF and the 
remaining triethylamine salt was removed by fil-
tration (2 ×). Next, the volume of the solution was 
reduced to 10 mL and the polymer was precipi-
tated by subsequently dripping the solution into 
stirring diethylether (Et2O, 300 mL). The suspen-
sion was stored in the freezer for 1 h whereup-
on the white precipitate was filtered off, washed 
with ice-cold Et2O and dried under vacuum over-
night. The product was obtained as a white solid 
(4.07 g, 76%). 
1H NMR (400 MHz, CDCl3) δ: 4.29 (t, J = 1.4 
Hz, 2H, CH2CH2OC(O)C(CH3)2Br), 3.78 (t, J = 1.4 Hz, 
2H, CH2CH2OC(O)C(CH3)2Br), 3.60 (br. s, PEG back-
bone), 3.51 (m, 2H, CH3OCH2), 3.34 (s, 3H, CH3OCH2), 
1.90 (s, 6H, (CH3)2Br) ppm; 13C NMR (75 MHz, CDCl3) 
δ: 171.5 (OC(O)C(CH2)2Br), 71.8, 70.5 (br. s, PEG back-
bone), 68.6, 65.0, 58.9 (H3COCH2CH2O), 55.6 (C(O)
C(CH2)2Br), 30.6 (2C, C(O)C(CH2)2Br) ppm; FT-IR νmax 
film: 2868, 1733 (νC=O), 1642, 1461, 1100, 949, 847 cm-
1; SEC (THF): Mn = 2.2 × 103 g/mol, Mw/Mn = 1.06; 
MALDI-ToF MS (DPB): m/z = 2101 Da. 
α-Methoxy–poly(ethylene glycol)44-b-poly-
styrene240 (2)
O
O
Br
240
O
MeO 44
Modified literature procedure:[33] a Schlenk tube 
was charged with CuBr (45.0 mg, 0.313 mmol) and 
holey carbon film supported on a EM Science TEM 
copper grid. Following the pre-set procedure of 
the FEI Vitrobot vitrification system, the specimen 
was blotted (2 × 2 sec) and plunged into a liquid 
ethane reservoir cooled by liquid nitrogen. The 
vitrified samples were transferred to a Gatan 626 
cryo-holder using a cryo-transfer stage cooled by 
liquid nitrogen. During observation of the vitri-
fied samples, the cryo-holder temperature was 
maintained below -177 °C to prevent sublimation 
of vitreous water. The images were recorded dig-
itally with a Gatan low-dose CCD camera using 
the accompanying software package.
Cryogenic field emission scanning elec-
tron microscopy (cryo-SEM) micrographs were 
recorded on a JEOL JSM 6330F microscope oper-
ated at 3kV, equipped with an Oxford Alto 2500 
cryo-transfer system. The concentrated solution 
sample was rapidly frozen in nitrogen slush 
at -220 °C and freeze-fractured in the cooling 
pre-chamber of the microscope at -120 °C. The 
plane of fracture was etched for 5 min via subli-
mation at -95 °C, subjected to Au (60%)/Pd (40%) 
sputtering for 50 sec (1.5 nm) and transferred to 
the microscope chamber where the temperature 
was maintained at -120 °C. 
Fluorescence measurements were per-
formed on a PerkinElmer LS 55 luminescence 
spectrometer using a quartz cuvette (1.00 cm 
path length). 
Confocal laser scanning microscopy (CLSM) 
was performed with a Leica Microsystems TCS SP5 
confocal microscope, equipped with an HCX PL 
APO 63 × N.A. 1.2 water immersion lens. 
Cellular fluorescence was measured using 
a Beckman Coulter CyAn ADP 7 Color flow cytom-
eter, equipped with 488, 561 and 643 nm lasers. 
The fluorescence response, gated on the basis of 
forward and sideward scatter, was analysed with 
Fort Collins Summit software and corrected for 
background fluorescence.
5.6.3  |  Synthetic procedures
α-Methoxy–poly(ethylene glycol)44-ω-isobu-
tyrylbromide (1)
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Modified literature procedure:[33] CuBr (45 mg, 0.32 
mmol) was added to a Schlenk tube equipped 
with a magnetic stirring bar. The tube was placed 
under vacuum for 10 min and refilled with Ar (3 ×), 
whereupon the stopper was replaced by a sep-
tum under positive Ar pressure. Next, PMDETA 
(66 µL, 0.32 mmol) in anisole (0.50 mL) was add-
ed and the mixture was vigorously stirred for 15 
min. After the addition of styrene (5.74 mL, 50.0 
mmol), the solution was degassed for 15 min. The 
Schlenk tube was cooled to 0 °C and tert-butyl 
α-bromoisobutyrate (27 µL, 0.14 mmol) in anisole 
(0.50 mL) was added via a syringe. While stirring, 
the solution was degassed for an additional 15 
min and the tube was transferred to a pre-heated 
oil bath at 90 °C. The polymer propagation was 
monitored using 1H NMR and SEC analysis. Upon 
reaching the desired polymer length, 1-phe-
nyl-1-trimethylsiloxyethene (1.91 mL, 9.28 mmol) 
was added to quench the polymerisation. The 
mixture was stirred for 2 h before the septum was 
removed and the temperature was brought back 
to room temperature. CH2Cl2 (75 mL) was added 
to the viscous solution and the organic layer was 
extracted with aqueous EDTA (2 × 150 mL of 65 
mM). The water phases were washed once more 
with CH2Cl2 (75 mL), whereupon the combined 
organic layers were dried over MgSO4. After con-
centrating the solution by rotary evaporation to 
10 mL, the polymer was precipitated in MeOH 
(250 mL), filtered and dried overnight to obtain 
pure tert-BuOOC-PS 3 as a white solid (2.74 g). 
1H NMR (400 MHz, CDCl3) δ: 7.24-6.28 (br. s, 
PS arom.), 2.13-1.26 (br. s, PS backbone), 1.24 (br. s, 
9H, (CH3)3C), 0.94 (m, 6H, C(O)C(CH3)2CH2) ppm; 13C 
NMR (75 MHz, CDCl3) δ: 144.8 (PS arom.), 127.5 (PS 
arom.), 125.2 (PS arom.), 46.3-40.8 (PS backbone), 
39.9 (2C, C(O)C(CH3)2CH2) ppm; FT-IR νmax film: 
3025, 2923, 1943, 1878, 1800, 1722 (νC=O), 1688, 1600, 
1492, 1451, 909, 734, 698 cm-1; SEC (THF): Mn = 27.1 
× 103 g/mol, Mw/Mn = 1.08; MALDI-ToF MS (DPB): 
m/z = 24 kDa.
α-Carboxylic acid–polystyrene225 (4)
HO
O
O
225
a magnetic stirring bar. The tube was evacuated 
for 15 min and refilled with Ar (3 ×) whereupon 
the stopper was replaced by a rubber septum 
under positive Ar pressure. N,N,N’,N”,N”-pen-
tamethyldiethylenetriamine (PMDETA, 66.0 μL, 
0.313 mmol) in anisole (0.5 mL) was added via a 
syringe. The mixture was vigorously stirred for 15 
min and styrene (5.74 mL, 50.0 mmol) in anisole 
(1.0 mL) was added. After degassing the solution 
with Ar for 15 min, the tube was cooled to 0 °C 
and macro-initiator 1 (215 mg, 0.100 mmol) in 
anisole (0.5 mL) was injected. The stirring mixture 
was degassed for an additional 15 min and sub-
sequently transferred into a pre-heated oil bath 
at 90 °C. The reaction proceeded at 90 °C for 5 h, 
70 °C for 16 h and again 90 °C for 1 h while the 
conversion was monitored by GPC analysis and 
1H NMR spectroscopy. Upon attainment of the 
required molecular weight, the polymerisation 
was terminated by removal of the heat source 
and the rubber septum. The viscous solution was 
diluted with CH2Cl2 (75 mL) and extracted with 
aqueous ethylenediaminetetraacetic acid (EDTA, 
2 × 150 mL of 65 mM). The combined aqueous 
phases were washed with CH2Cl2 (50 mL) where 
after the merged organic layers were dried over 
magnesium sulfate (MgSO4) and concentrated. 
The crude was precipitated in MeOH (2 × 200 mL) 
from little CH2Cl2 (2 × 10 mL), filtrated and dried 
under vacuum overnight to obtain the pure 
product as a white solid (2.15 g, 60%). 
1H NMR (400 MHz, CDCl3) δ: 7.36-6.38 (br. s, 
PS arom.), 3.85-3.43 (br. s, PEG backbone), 3.38 (s, 
3H, CH3OCH2), 2.27-1.24 (br. s, PS backbone), 0.94 
(br. m, 6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 144.8 (PS arom.), 127.5 (PS arom.), 125.2 
(PS arom.), 70.1 (PEG backbone), 46.2-40.7 (PS 
backbone), 39.9 (2C, C(O)C(CH3)2CH2); FT-IR νmax 
film: 3025, 2922, 2841, 1939, 1874, 1809, 1722 (νC=O), 
1601, 1492, 1452, 1109, 758, 698 cm-1; SEC (THF): Mn 
= 22.6 × 103 g/mol, Mw/Mn = 1.07; MALDI-ToF MS 
(DPB): m/z = 27 kDa. 
α-tert-Butyloxycarbonyl–polystyrene225 (3)
O
O
O
225
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dissolved in little CH2Cl2 (5 mL) and precipitated 
in stirring MeOH (50 mL). The crude was finally 
purified by gradient column chromatography 
over silica gel (CH2Cl2:MeOH, 10:0 to 9:1) to yield 
BocNH-PEG-b-PS 5 as a white solid (105 mg, 79%). 
1H NMR (400 MHz, CDCl3) δ: 7.23-6.25 (br. 
s, PS arom.), 5.74 (br. s, 1H, NHC(O)C(CH3)2CH2), 
5.12 (br. s, 1H, (CH3)3COC(O)NHCH2) 3.38 (m, 2H), 
3.65 (br. s, PEG backbone), 3.55 (t, 2H, J = 3.6 Hz, 
(CH3)3COC(O)NHCH2CH2) 3.31 (br. m, 2H) 3.17 (td, 
2H, (CH3)3COC(O)NHCH2), 3.08 (m, 2H), 2.27-1.28 
(br. s, PS backbone), 1.45 (s, 9H, (CH3)3), 0.94 (br. m, 
6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, CDCl3) 
δ: 145.5 (PS arom.), 127.6 (PS arom.), 125.8 (PS 
arom.), 70.7 (PEG backbone), 46.1-40.5 (PS back-
bone), 28.6 (3C, (CH3)3) ppm; FT-IR νmax film: 3473, 
3025, 2921, 1943, 1874, 1805 (νC=O), 1709 (νC=O), 1662, 
1601, 1492, 1452, 1107, 758, 698 cm-1; SEC (THF): Mn 
= 17.3 × 103 g/mol, Mw/Mn = 1.04; MALDI-ToF MS 
(DPB): m/z = 26 kDa
α-Amino–poly(ethylene oxide)66-b-polysty-
rene225 (6)
N
H
O
O
225
O
H2N 66
To deprotect the amino-group of polymer 5, the 
compound (100 mg, 3.70 µmol) was dissolved in 
CH2Cl2 (5.00 mL) and a mixture of trifluoroace-
tic acid (TFA, 4.50 mL), H2O (250 µL), thioanisole 
(125 µL) and triisopropylsilane (TIPS, 125 µL) was 
slowly added while stirring. The reaction instan-
taneously switched colour to orange and was 
allowed to stir for another 5 h at room tempera-
ture. Next, the solution was concentrated to ap-
proximately 5 mL and precipitated in MeOH (50 
mL). The crude product was isolated by filtration 
and purified from any residual thioanisole and 
TIPS by storing the white solid under high vacu-
um overnight (99 mg, quantitative). 
1H NMR (400 MHz, CDCl3) δ: 7.24-6.28 (br. 
s, PS arom.), 5.86 (br. s, 1H, NHC(O)C(CH3)2CH2), 
3.83 (m, 2H), 3.67 (br. s, PEG backbone), 3.51 (br. 
m, 2H), 3.32 (br. m, 2H), 3.21 (br. m, 2H), 3.07 (br. 
m, 2H), 2.30-1.27 (br. s, PS backbone), 0.92 (br. m, 
tert-BuOOC-PS255 (3, 2.50 g, 0.106 mmol) was dis-
solved in 1,4-dioxane (dioxane, 25 mL) and con-
centrated HCl (37%, 1.50 mL) was added. The re-
action mixture was refluxed at 110 °C for 18 h and 
the progress of the deprotection was monitored 
using 1H NMR spectroscopy. Upon completion 
of the reaction, the mixture was dried by rota-
ry evaporation and subsequently redissolved 
in CH2 Cl2 (15 mL). The crude was precipitated in 
MeOH (2 × 250 mL) and dried to the air overnight 
to obtain HOOC-PS 4 as a white powder (1.82 g, 
73%).
1H NMR (400 MHz, CDCl3) δ: 7.24-6.28 (br. s, 
PS arom.), 2.13-1.15 (br. s, PS backbone), 0.90 (br. 
m, 6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 144.8 (PS arom.), 127.5 (PS arom.), 125.2 
(PS arom.), 46.3-40.8, 39.9 (2C, C(O)C(CH3)2CH2) 
ppm; FT-IR νmax film: 3025, 2923, 1947, 1878, 1805, 
1692 (νC=O), 1600, 1492, 1452, 909, 734, 698 cm-1; 
SEC (THF): Mn = 27.0 × 103 g/mol, Mw/Mn = 1.06; 
MALDI-ToF MS (DPB): m/z = 23 kDa.
α-tert-Butylcarbamate–poly(ethylene ox-
ide)66-b-polystyrene225 (5)
N
H
O
O
225
O
N
H
O
O
66
HOOC-PS 4 (120 mg, 5.13 µmol) and α-tert-butyl-
carbamate–PEG66-ω-amine (33.0 mg, 10.3 µmol) 
were dissolved in N,N-dimethylformamide (DMF, 
3.0 mL) and N,N-diisopropylethylamine (DiPEA, 
5.4 µL, 31 µmol) was added. The reaction mixture 
was cooled to 0 °C and stirred for 15 min before 
it was charged with (benzotriazol-1-yloxy)tri-
pyrrolidinophosphonium hexafluorophosphate 
(PyBOP, 10.7 mg, 20.5 µmol). The mixture was al-
lowed to react for 40 h while slowly warming to 
room temperature and the conversion was moni-
tored by TLC (RF,PS 4 = 1.0 in CH2Cl2:MeOH, 9:1). Ad-
ditional DiPEA (2.7 mg, 5.1 µmol) and PyBOP (0.90 
µmol, 5.1 µmol) were added to the solution, fol-
lowed by BocNH-PEG66-NH2 (16.5 mg, 5.15 µmol) 
within 10 min. The reaction was stirred for 48 h to 
reach completion. The solvent was removed by 
rotary evaporation and the remaining solid was 
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= 1.11; MALDI-ToF MS (DPB): m/z = 19 kDa.
α-Propargylamine–polystyrene185 (9)
O
185NH
O
PS 8 (1.00 g, 41.6 µmol) was dissolved in DMF 
(dried over mol. sieves, 15 mL) and the solution 
was charged with propargylamine (7.40 µL, 115 
µmol) and DiPEA (34 µL, 195 µmol). The reaction 
mixture was cooled to 0 °C and stirred for 10 min 
before PyBOP (71.2 mg, 137 µmol) was added to 
it. The compounds were allowed to react for 16 
h while slowly warming to room temperature. 
The solution was diluted with CH2Cl2 (75 mL) and 
subsequently extracted with aqueous NaHCO3 (5 
wt%, 25 mL) and aqueous NaCl (sat., 25 mL). The 
organic phase was dried over MgSO4 and con-
centrated to 10 mL by rotary evaporation. The 
product was purified by precipitation in MeOH 
(200 mL) to be obtained as a white solid (0.930 
g, 92%). 
1H NMR (400 MHz, CDCl3) δ: 7.09-6.48 (br. s, 
PS arom.), 3.19 (m, 2H, HCCCH2NH), 2.07-1.28 (br. 
s, PS backbone), 0.93 (m, 6H, C(O)C(CH3)2CH2) 
ppm; 13C NMR (75 MHz, CDCl3) δ: 145.3 (PS arom.), 
127.9 (PS arom.), 125.2 (PS arom.), 46.1-40.4 (PS 
backbone); FT-IR νmax film: 3059, 3025, 2923, 1878, 
1678 (νC=O), 1492, 1452, 758, 698 cm-1; SEC (THF): Mn 
= 19.6 × 103 g/mol, Mw/Mn = 1.06; MALDI-ToF MS 
(DPB): m/z = 19 kDa.
α-RBITC–poly(ethylene oxide)23-ω-azide (10)
O
N
H
HOOC
NN
N
H
S
O
22
O
N3
Et3N (159 µL, 1.14 mmol) was added to α-amino–
PEG23–azide (25.0 mg, 22.7 µmol) solubilised in 
THF (3.0 mL) and little H2O (0.20 mL). After the 
addition of rhodamine B isothiocyanate (RBITC, 
24.3 mg, 45.4 µmol), the mixture was stirred in the 
dark and the conversion was monitored by mass 
6H, COC(CH3)2CH2) ppm; FT-IR νmax film: 3451, 3025, 
2922, 1939, 1873, 1774, 1709 (νC=O), 1675, 1601, 1492, 
1452, 1350, 1107, 757, 698 cm-1; SEC (THF): Mn = 15.9 
× 103 g/mol, Mw/Mn = 1.04; MALDI-ToF MS (DPB): 
m/z = 26 kDa.
α-tert-Butyloxycarbonyl–polystyrene185 (7)
O
185O
O
Polymer 7 was prepared following the procedure 
as described for tert-BuOOC-PS 3. The pure prod-
uct was obtained as a white solid (3.37 g). 
1H NMR (400 MHz, CDCl3) δ: 7.42-6.34 (br. s, 
PS arom.), 2.07-1.30 (br. s, PS backbone), 1.26 (br. s, 
9H, C(CH3)3), 0.94 (m, 6H, C(O)C(CH3)2CH2) ppm; 13C 
NMR (75 MHz, CDCl3) δ: 148.3 (PS arom.), 127.6 (PS 
arom.), 125.2 (PS arom.), 45.9-40.4 (PS backbone), 
39.9 (2C, C(O)C(CH3)2CH2) ppm; FT-IR νmax film: 
3025, 2923, 1943, 1878, 1796, 1722 (νC=O), 1688, 1600, 
1492, 1451, 909, 756, 698 cm-1; SEC (THF): Mn = 19.7 
× 103 g/mol, Mw/Mn = 1.06; MALDI-ToF MS (DPB): 
m/z = 19 kDa.
α-Carboxylic acid–polystyrene185 (8)
O
185HO
O
The same procedure was applied here as for the 
synthesis of HOOC-PS225 (4). The corresponding 
chemicals and amounts were as stated: tert-
BuOOC-PS185 (3.00 g, 0.125 mmol), HCl (1.50 mL of 
37% conc.) and dioxane (25 mL). Carboxyl-func-
tionalised PS 8 was obtained as a white powder 
(2.59 g, 98%). 
1H NMR (400 MHz, CDCl3) δ: 7.38-6.52 (br. 
s, PS arom.), 2.13-1.28 (br. s, PS backbone), 0.94 
(m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 145.3 (PS arom.), 127.9 (PS arom.), 125.2 
(PS arom.), 46.1-40.4 (PS backbone), 39.9 (2C, C(O)
C(CH3)2CH2) ppm; FT-IR νmax film: 3025, 2923, 1947, 
1878, 1805, 1698 (νC=O), 1600, 1492, 1452, 1221, 734, 
703 cm-1; SEC (THF): Mn = 19.2 × 103 g/mol, Mw/Mn 
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mL) to yield block copolymer 11 as a bright pink 
fluffy solid (331 mg, 64%). 
1H NMR (400 MHz, CDCl3) δ: 8.03 (m, 1H, 
rhodamine), 7.76 (m, 1H, rhodamine), 7.51 (m, 1H, 
rhodamine) 7.23-6.30 (br. s, PS arom.), 5.87 (m, 1H, 
NH), 5.36 (br. s, 1H, NH), 4.45 (m, 2H, C(S)NCH2CH2), 
4.06 (m, 2H, CHCCH2NC(O)), 3.83 (br. m, 2H, C(S)
NCH2CH2), 3.64 (br. s, PEG backbone), 3.39 (m, 
2H), 3.27 (m, 2H), 2.25-1.26 (br. s, PS backbone), 
1.23 (m, 12H, rhodamine (CH2CH3)4), 0.94 (m, 6H, 
C(O)C(CH3)2CH2) ppm; 13C NMR (125 MHz, CDCl3) δ: 
145.4 (PS arom.), 128.1 (PS arom.), 125.7 (PS arom.), 
70.7 (PEG backbone), 46.1-40.4 (PS backbone), 
12.7 (4C, rhodamine CH3)4) ppm; FT-IR νmax film: 
3025, 2922, 2678, 2496, 1943, 1874, 1805, 1739, 1649, 
1600, 1492, 1451, 1349, 1097, 908, 732, 698 cm-1; SEC 
(THF): Mn = 12.5 × 103 g/mol, Mw/Mn = 1.04; MALDI-
ToF MS (DPB): m/z = 21 kDa.
α-Atto488–poly(ethylene oxide)44-ω-carba-
mate-tert-butane (12)
O NHH2N
N
O
O
44
N
H
N
H
O
SO3H SO3H
OtBu
O
The N-hydroxysuccinimide derivative of Atto-
dye488 (5 mg, 5 µmol) was together with 
α-tert-butylcarbamate–PEG44-ω-amine (10.3 mg, 
5.10 µmol) dissolved in DMF (dry, 0.50 mL) in a 
flame-dried Schlenk tube under Ar atmosphere. 
Freshly distilled Et3N (1.0 µL, 10 µmol) was added 
and the reaction mixture was stirred in the dark 
for 18 h. As the Attodye488–NHS ester was not 
yet fully consumed according to LCMS, the solu-
tion was charged with additional BocNH-PEG44-
NH2 (3.60 mg, 1.78 µmol). After 6 h of stirring, the 
solution was concentrated till dryness by rotary 
evaporation and the remaining solid was dis-
solved in CH2Cl2 (15 mL) and extracted with water 
(10 mL). The aqueous layer was washed with 
CH2Cl2:CHCl3 in a ratio of 2:1 (4 × 15 mL) and the 
pooled organic phases were dried over MgSO4 to 
obtain Atto488–PEG-NHBoc 12 as a red wax-like 
solid (20 mg, 87%). 
1H NMR (400 MHz, CDCl3) δ:  8.08 (s, 1H, 
spectrometry. Upon completion of the reaction 
after 16 h, the solution was dried in vacuo and 
purified by preparative recycling GPC to obtain 
RBITC-PEG23 10 as a deep pink solid (26 mg, 72%). 
1H NMR (400 MHz, CDCl3) δ: 8.37 (m, 1H, 
rhodamine), 8.00 (m, 1H, rhodamine), 7.81 (m, 1H, 
rhodamine), 7.06 (m, 2H, rhodamine), 6.60 (m, 
2H, rhodamine), 6.53 (m, 2H, rhodamine), 3.62 (br. 
s, PEG backbone), 3.48 (br. m, 2H), 3.37 (t, J = 5.1 
Hz, 2H, CH2CH2N3), 3.16 (br. m, 2H), 1.23 (br. s, 12H, 
Rhodamine (CH2CH3)4) ppm; FT-IR νmax film: 3507, 
2869, 2108 (νN3), 1590, 1466, 1347, 1248, 1105, 949, 
848 cm-1; LRMS (ESI+) m/z calcd for C77H128N7O26S+ 
[M]+ 1598.9, found 1598.8.
α-RBITC–poly(ethylene glycol)23-b-polysty-
rene185 (11)
             
RhodamineHN N
H
S
O
23
N
O
185
H
N
O
NN
A Schlenk tube under Ar atmosphere was 
charged with alkyne–PS 9 (480 mg, 25.9 µmol), 
RBITC–PEG-N3 10 (24.0 mg, 15.0 µmol) and a mag-
netic stirring bar. THF (7.50 mL) was added via a 
syringe and the solution was degassed with Ar 
for 15 min. Next, CuBr (13.0 mg, 90.0 µmol) and 
PMDETA (18.8 µL, 90.0 µmol) in deoxygenated 
THF (0.50 mL) were injected to the polymer mix-
ture and the solution was again degassed with 
Ar for 15 min.  The tube was subsequently trans-
ferred to a preheated oil bath at 40 °C and the re-
action was stirred for 48 h in the dark. Additional 
CuBr (6.5 mg, 45 µmol) and PMDETA (9.4 µmol) in 
THF (0.50 mL) were added to the mixture, where-
upon the reaction was once more stirred for 20 h. 
For workup, the solution was diluted with CH2Cl2 
(50 mL) and extracted with aqueous EDTA solu-
tion (2 × 50 mL of 65 mM). The combined water 
phases were washed with CH2Cl2 (50 mL) and the 
pooled organic layers were dried over MgSO4 
and concentrated till approximately 10 mL. After 
precipitation in MeOH (150 mL), the filtrate was 
purified over silica gel using gradient column 
chromatography (CH2Cl2:MeOH, 10:0 to 9:1). Final-
ly, the product was lyophilised from dioxane (10 
Rhod-
amine
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α-Atto488–poly(ethylene oxide)44-b-polysty-
rene225 (14)
Atto488 N
O
O 44
N
H
N
H
O O
O
225
HOOC-PS225 4 (150 mg, 6.67 µmol) was dissolved 
in DMF (1.5 mL) and DiPEA (3.1 µL, 18 µmol) was 
added to it. The reaction mixture was stirred for 5 
min, charged with PyBOP (3.47 mg, 6.67 µmol) 
and again stirred for 30 min. Atto488–PEG-NH2 
(11.6, 4.45 µmol) 13 in DMF (1.5 mL) was injected in 
dropwise fashion and the compounds were al-
lowed to react for 24 h. As SEC analysis indicated 
an incomplete reaction, more PyBOP and PS 4 
were added. The reaction was stirred for another 
24 h, whereupon the mixture was added at once 
to MeOH (25 mL) in order to remove the uncou-
pled PEG. The resulting precipitate was subse-
quently purified from free PS by gradient column 
chromatography over silica gel (CH2Cl2:MeOH, 
10:0 to 9:1). The product was lyophilised from di-
oxane (10 mL) to be obtained as a bright pink 
fluffy solid (57 mg, 49%). 
RF = 0.35 (CH2Cl2:MeOH, 9:1); 1H NMR (500 
MHz, CDCl3) δ: 8.07 (s, 1H, Atto488 NH), 7.73 (m, 
2H, Atto488), 7.66 (m, 1H, Atto488), 7.49 (m, 1H, 
Atto488), 7.37 (m, 2H), 7.23-6.30 (br. s, PS arom.), 
3.88 (m, 2H), 3.66 (br. s, PEG backbone), 3.49 (m, 
2H), 3.31 (m, 2H), 3.18 (m, 2H, C(O)NHCH2CH2O), 
3.08 (m, 2H), 2.25-1.30 (br. s, PS backbone) 0.94 
(m, 6H, C(O)C(CH3)2CH2) ppm; FT-IR νmax film: 3025, 
2922, 2850, 1943, 1874, 1805, 1726 (νC=O), 1678, 1601, 
1492, 1451, 1260, 1091, 1027, 758, 698, 540 cm-1; SEC 
(THF): Mn = 15.0 × 103 g/mol, Mw/Mn = 1.06; MALDI-
ToF MS (DPB): m/z = 25 kDa.
5.6.3  |  General polymersome preparation proce-
dures 
Modified literature procedure:[27] a typical pro-
cedure started with dissolving the required 
polymers (10 mg in total) in a mixture of THF 
and dioxane (1.00 mL, 70:30 by vol%) in a glass 
vial equipped with a magnetic stirrer bar. The 
vial was capped with a rubber septum and the 
solution was stirred for 30 min. Self-assembly 
Atto488 NH), 7.70 (dd, J = 5.7, 3.3 Hz, 1H, Atto488), 
7.64 (br. m, 1H, Atto488), 7.52 (dd, J = 5.8, 3.4 Hz, 
1H, Atto488), 7.46 (br. m, 1H, Atto488), 7.18-6.95 
(br. s, 2H, Atto488), 6.93-6.70 (br. s, 2H, Atto488), 
5.09 (br. s, 1H, CH2NHC(O)OCCH3), 3.81 (m, 2H), 
3.64 (br. s, PEG backbone), 3.46 (m, 2H), 3.30 (t, 
2H, J = 5.2 Hz, CH2CH2NHC(O)O), 3.21 (m, 2H), 2.39 
(m, 2H, HNC(O)CH2CH2CH2N), 2.31 (m, 2H, HNC(O)
C H2CH2CH2N), 1.44 (s, 9H, C(O)OC(CH3)3 ppm; FT-IR 
νmax film: 3485, 2919, 1964, 1712 (νC=O), 1624 (νC=O), 
1439, 1258, 1096, 950, 802 cm-1; LCMS (ESI+): RF 
= 9.07 min, m/z calcd for C120H213N5O55S2 [M+H]3+ 
890.1, found 890.4.
α-Atto488–poly(ethylene oxide)44-ω-amine 
(13)
O NHH2N
N
O
O
44
N
H
O
SO3H SO3H
NH2
TFA (450 µL), H2O (25 µL), thioanisole (12.5 µL) 
and TIPS (12.5 µL) were pre-mixed and added at 
once to Atto488–PEG44-NHBoc 12 (18.0 mg, 6.94 
µmol) in a 10 mL flask. The reaction mixture was 
stirred for 2 h before diethylether (Et2O, 8.0 mL) 
was added to precipitate the product. The flask 
was placed in the freezer for 1 h, whereupon the 
precipitate was collected with a syringe filter. The 
filter was flushed with CH2Cl2 and the organic sol-
vent was finally evaporated to obtain a red wax-
like solid (13 mg, 72%). 
RF = 0.02 (CH2Cl2:MeOH, 9:1); 1H NMR (400 
MHz, CD3OD) δ: 8.11 (s, 1H, Atto488 NH), 7.74 (m, 
2H, Atto488), 7.63 (m, 1H, Atto488), 7.51 (m, 1H, 
Atto488), 7.18 (d, J = 9.1 Hz, 2H, Atto488), 6.95 
(d, J = 9.1 Hz, 2H, Atto488), 3.77 (m, 2H), 3.62 
(br. s, PEG backbone), 3.47 (m, 2H), 3.20 (m, 2H, 
C(O)NHCH2CH2O), 2.84 (br. s, 2H, OCH2CH2NH2), 
1.70 (m, 2H, NCH2CH2CH2C(O)NH), 1.59 (m, 2H, 
NCH2CH2 CH2 C(O)NH) ppm; FT-IR νmax film: 
3414, 2872, 1630 (νC=O), 1445, 1248, 1107, 952, 660 
cm-1; LCMS (ESI+): RF = 7.72 min, m/z calcd for 
C115 H205N5O52S2 [M+H]4+ 642.6, found 643.2.
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µL of 1.00 mg/mL, 25 eq. relative to max. available 
Mal-groups) and tris(2-carboxyethyl)phosphine 
(TCEP, 103 µL of 1.00 mg/mL, 50 eq. relative to 
max. available Mal-groups) in MilliQ was added. 
The reaction mixture was agitated for 16 h in 
the dark and finally dialysed against MilliQ for 
72 h with frequent replenishment of the dialysis 
medium to remove the unreacted Tat peptide 
and TCEP. The concentration of the final vesicle 
solution was adjusted to 1.00 mg/mL (polymer/
MilliQ) and analysed by zeta potential measure-
ments and electron microscopy.
5.6.5  |  Preparation of fluorescently labelled polym-
ersomes
Encapsulation of rhodamine B in polymer-
somes
Polymer PEG44-b-PS240 was dissolved in a mixture 
of THF (600 µL) and dioxane (400 µL) for 30 min. 
While stirring vigorously, rhodamine B (RhodB, 
100 µL of 2.0 mg/mL) in MilliQ was added using 
a syringe pump, equipped with a steel needle, 
that was calibrated to deliver water at a rate of 
1.00 mL/h. Immediately thereafter, self-assembly 
was further induced by the addition of ultrapure 
water (2.900 mL) via the same syringe pump. The 
organic solvents and excess of rhodamine B were 
finally removed by dialysis in MilliQ for 48 h, while 
replenishing the dialysis medium frequently.
Functionalisation of Candida antarctica lipase 
B with RBITC (RBITC-CalB)
Freeze-dried CalB (4.0 mg, 0.233 µmol) was dis-
solved in aqueous Na2CO3 (1000 µL of 0.1 M pH 
11) and RBICT (377 µg, 1.40 µmol) in DMSO (37.7 
µL) was added to it. The reaction mixture was 
agitated in the dark for 2 h. The unbound RBICT 
was removed by dialysis against MilliQ using an 
Amicon Ultra centrifugal filter with a 10 kDa cut-
off membrane. The enzymatic solution was con-
centrated by centrifugation (10,000 rpm, 5 min) 
and replenished with MilliQ. After performing 
another five washing steps until the filtrate was 
no longer coloured, the pink RBITC-labelled CalB 
was redissolved in MilliQ to yield a 7.5 mg/mL en-
zyme solution.
was induced by addition of MilliQ (3.00 mL) via a 
syringe pump, equipped with a steel needle and 
set to deliver water at a rate of 1.00 mL/h, while 
stirring the solution vigorously. Finally, the poly-
mersome dispersion was dialysed against MilliQ 
in a Spectra/Por membrane (molecular weight 
cut-off: 12,000-14,000 Da, flat with 25 mm) for 
24 h to remove the residual organic solvents. All 
resulting polymer suspensions were analysed by 
light scattering techniques and electron micros-
copy.
5.6.4  |  Post-assembly functionalisation of ami-
no-exposing polymersomes with Tat peptide 
Functionalisation of polymersomes with ma-
leimide moiety
Before any functionalisation reactions were per-
formed, the smallest polymersomes (diameter < 
200 nm) were removed from the vesicle suspen-
sion by centrifugation (7000 rpm, 2 × 7 min) in 
Eppendorf tubes. The supernatant was pipetted 
off and the pellets – containing the bigger con-
structs – were resuspended in MilliQ and com-
bined to one solution. 
Next, the dispersion with the bigger 
NH2-exposing polymersomes (800 µL of 2.50 mg/
mL (polymer/medium)) was diluted with phos-
phate buffer (333 µL of 80 mM pH 7.4) to yield a 
20 mM phosphate concentration. N-succinim-
idyl-6-maleimidocaproate (NHS–Mal, 37.0 µg, 25 
eq. relative to available NH2-groups) in dimethyl 
sulfoxide (DMSO, 18.5 µL) was added and the ves-
icle solution was agitated in the dark for 2 h. The 
excess of NHS–Mal moiety was quickly removed 
by filtration over a 200 nm pore size filter using 
a mini-extruder set, followed by two washing 
steps with N-2-hydroxyethylpiperazine-N-2-eth-
ane sulfonic acid buffer (HEPES, 2 × 1.00 mL of 20 
mM pH 7.4). 
Functionalisation of polymersomes with Tat 
peptide
To a suspension of maleimide-functionalised 
vesicles (500 µL of 4.0 mg/mL (polymer/me-
dium)) in HEPES buffer (20 mM, pH 7.4), a pre-
mixed solution of Tat-SH (GRKKRRQRRRGC, 198 
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A mixture of HN2-PEG–PS 6 (2.00 mg, 10.0 wt%), 
Atto488–PEG–PS 14 (0.50 mg, 0.25 wt%) and 
PEG–PS 2 (17.5 mg, 87.5 wt%) was dissolved in THF 
(1500 µL) and dioxane (400 µL) for 30 min. While 
stirring vigorously, ultrapure water (2.00 mL) was 
added to the mixture to induce self-assembly 
with a speed of 1.00 mL/h using a well-calibrated 
syringe pump. Upon completion of the addition, 
the suspension was transferred to a pre-swollen 
dialysis bag that was clipped loosely and subse-
quently dialysed against MilliQ for 16 h. The re-
sulting polymersomes were analysed by zeta po-
tential measurements and electron microscopy.
5.6.6  |  Shape transformation of polymersomes
A typical procedure is as follows: a solution of 
NH2-functionalised (2.00 mg/mL, polymer/MilliQ) 
or non-functionalised polymersomes (3.00 mg/
mL, polymer/MilliQ) was placed in a Spectra/Por 
dialysis membrane (molecular weight cut-off: 
12,000-14,000 Da), which was swollen in ultra-
pure water for 30 min. The filled dialysis bag was 
placed in the dialysis medium, composed of Mil-
liQ:THF:dioxane (=50:25:25 in vol%; total volume 
300 mL) and dialysed according to a pre-set time 
schedule. 
For the non-functionalised vesicles, a dial-
ysis membrane with a flat width of 10 mm was 
used, and aliquots (100 µL) of the dialysing dis-
persion were quenched in MilliQ (400 µL) after 
0 h, 1 h, 1.5 h, 2h, 2.5 h and 3.5 h of dialysis. The 
remaining organic solvents in the samples were 
subsequently removed by dialysis of the solution 
in a Spectra/Por membrane (molecular weight 
cut-off: 12,000-14,000 Da, flat width 25 mm) 
against MilliQ for 24 h. The resulting morpholo-
gies were analysed by TEM and cryo-TEM.
For the functionalised polymersomes, dial-
ysis tubing with a flat width of 25 mm was used. 
Several dialysis bags were filled with the same 
starting material (3 × 1800 µL), and after 20 min 
(S2), 25 min (S3) and 30 min (S4) a bag was re-
moved from the dialysis medium and MilliQ (2.00 
mL) was added at once to quench the obtained 
morphology. The dialysis tubing was closed 
again and the polymersomes were dialysed 
against ultrapure water for 24 h to remove any 
Encapsulation of RBITC-CalB in polymer-
somes
After stirring PEG44-b-PS240 in THF (600 µL) and 
dioxane (400 µL) for 30 min, RBITC-CalB (250 µL 
of 2.4 mg/mL) in MilliQ was added to the poly-
mer solution using a syringe pump calibrated 
to deliver water at a speed of 1.00 mL/h. Upon 
complete addition of the enzyme solution, the 
dispersion was immediately further diluted with 
ultrapure water (2750 µL) via a syringe pump. The 
polymersome suspension was dialysed against 
MilliQ for 16 h to remove the organic solvents. Fi-
nally, the system was purified from free enzymes 
by filtration over a 200 nm pore size filter using 
a mini-extruder set, followed by three washing 
steps with MilliQ (3 × 5.0 mL) until the filtrate was 
no longer fluorescent. The pink polymersomes 
were resuspended in MilliQ to obtain a 2.0 mg/
mL (polymer/medium) solution.
Verification of non-covalent attachment of 
RBITC-CalB to polymersome outer membrane
One portion of polymersomes with encapsulat-
ed RBITC-CalB (750 µL) was treated with trypsin 
(0.1 mg) that was pre-dissolved in phosphate 
buffer (250 µL of 80 mM pH 8). The mixture was 
shaken for 3 h at 37 °C and subsequently purified 
by filtration over a 200 nm pore size filter using 
a mini-extruder set. The polymersome solution 
was additionally washed three times with ultra-
pure water and resuspended in MilliQ (1000 µL). 
As a negative control experiment, another por-
tion of polymersomes with RBITC-CalB (750 µL) 
was treated following the same procedure, but 
without the use of trypsin. As a positive control, 
a portion of RBITC-CalB-containing polymer-
somes (750 µL) was diluted with MilliQ without 
further treatment. The fluorescence spectrum of 
all three dispersions was examined, using λex: 544 
nm and λem: 550-650 nm. Finally, a fourth portion 
of the vesicles with incorporated RBITC-CalB (750 
µL) was treated with a trypan blue solution (250 
µL, 0.014 wt%) for 10 minutes before the fluores-
cence intensity was measured. 
Preparation of Atto488- and NH2-exposing 
polymersomes via self-assembly
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tion was removed using a pipette. Each well was 
washed with DMEM (2 × 500 µL) and PBS buffer 
(2 × 500 µL), followed by detachment either by 
trypsination (200 µL) for 5 min at 37 °C or with 
Invitrogen Gibco cell dissociation enzyme-free 
PBS buffer for 30 min at 37 °C. PBS buffer (supple-
mented with 1% BSA, 1.00 mL) was added to each 
well and the solution was pipetted up and down 
several times to promote cell detachment. The 
cells were collected by centrifugation (2,000 rpm, 
5 min), and washed once more with PBS buffer 
supplemented with 1% BSA (1.00 mL). Finally, the 
cells of all samples were resuspended in fresh 
PBS buffer (1% BSA; 1.00 mL) and the cellular flu-
orescence of 5,000 cells was measured with flow 
cytometry using the 488 nm laser. 
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Many materials obtain their usefulness 
from the fact that different sides carry dif-
ferent surface functionalities. For instance, 
imagine to wrap a present with scotch tape 
that is either adhesive or non-adhesive at 
both sides; this certainly will be trouble-
some. The importance of positional difunc-
tionalisation can be extrapolated to nano-
metre-sized objects. Nonetheless, there are 
very few bottom-up approaches available 
in the nanotechnology toolbox that enable 
the preparation of nano-objects with site-
specifically located functionalities.
In this chapter, work is described towards 
the positional surface difunctionalisation of 
polymeric nanoparticles by exploitation of 
the unique bowl-shaped architecture of pol-
ymersome stomatocytes. Fabrication of po-
sitional difunctional polymeric vesicles was 
pursued by reduction of azido-groups ex-
posed on the outer membrane segment of 
stomatocytes, while the N3-moieties in the 
inner cavity remained unconverted as the 
opening towards the “stomach“ hampered 
inside diffusion of the reducing agent. It was 
demonstrated that an opening of 100-150 
nm still allowed practically unlimited diffu-
sion of low-molecular weight reagents, thus 
leading to randomly distributed surface 
functionalities. The utilisation of virtually 
closed stomatocytes, in order to diminish 
in- and outbound migration of molecules to 
the internal cavity, could provide a solution 
to this problem. 
Towards positional difunctionali-
sation of polymersome stomato-
cytes
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proaches, the protection strategy is rather 
undeveloped.
In this chapter, we report a novel ap-
proach towards toposelective surface func-
tionalisation of polymeric vesicles, using 
the aforementioned protection strategy. 
For this, we exploited the unique shape 
of polymersome stomatocytes, which are 
bowl-shaped nanovesicles composed of 
self-assembling amphiphilic block copoly-
mers.[14-16] We recently reported that ther-
modynamically favoured spherical mor-
phology of polymersomes[17-19] can be shape 
transformed into the kinetically trapped 
stomatocyte morphology. It was envisaged 
that the “neck” towards the inner cavity of 
stomatocytes can be deployed as entrance 
gate for reactive species; if the opening is 
small enough, the moieties cannot enter 
by diffusion and will only functionalise the 
outside membrane, while a larger opening 
leads to both inside and outside functionali-
sation (Figure 6.1). 
In order to prepare positional difunc-
tional polymeric vesicles, control over the 
opening of stomatocytes is essential. Previ-
ous studies demonstrated that this control 
can be gained by manipulation of polymeric 
vesicles containing a glassy hydrophobic 
segment.[16] The shape transition is facilitat-
ed by organic solvents – which have a plas-
ticising effect on the usually glassy mem-
brane – in combination with appliance of an 
osmotic pressure difference. Upon gradual 
removal of the organic solvents from the 
system through dialysis against water, the 
membrane responds to the generated neg-
ative pressure inside the lumen by folding 
inwards. This process continues until the 
majority of organic molecules is expelled 
from the bilayer, which then becomes glassy 
The introduction of multiple functionali-
ties on the same nano-object is one of the 
emerging topics in nanotechnological re-
search.[1, 2] Multiplexed systems are highly 
promising in e.g. pharmaceutical sciences as 
the combination of several features within 
one single devise enables concommitant 
targeting of the diseased tissue, in vivo im-
aging and drug delivery.[3, 4] A substantial 
amount of the to date created multiplexed 
nano-objects display their functionalities 
in random fashion,[5, 6] however, for certain 
applications site-specific multifunctionality 
is requisite.[7] Janus particles are an impor-
tant class of nano-objects whose surface 
contains one or more compartmentalised 
chemical functionalities.[8] These particles 
can be divided into different material cat-
egories such as polymeric, inorganic, and 
polymeric-inorganic, and each kind of par-
ticle can be prepared in a large assortment 
of shapes. 
Among the different categories of 
Janus nano-objects, especially the polymer-
ic constructs have clear potential in applica-
tions like colloidal surfactants, drug delivery 
vehicles, chemical and biological sensors, 
and self-motile colloidal particles.[9] Fabrica-
tion of polymeric Janus particles is mainly 
based on: 1) microfluidics,[10] 2) electrohy-
drodynamic jetting,[11] 3) phase separation of 
immiscible polymers[12] or 4) toposelective 
surface functionalisation.[13] The principle of 
the latter named immobilisation technique 
is that functionalisation occurs locally on 
one part of the surface of pre-made parti-
cles, as the other part is masked, protected 
or buried on solid surfaces or liquid/liquid 
or liquid/gas interfaces.[8] Among these ap-
6.1  |  Introduction
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meric vesicles, and opens doors to new and 
exciting applications for e.g. drug delivery 
and (bio)catalysis. 
6.2  |  Results and discussion
6.2.1  |  Polymer synthesis and character-
isation
The amphiphilic poly(ethylene gly-
col)-b-polystyrene (PEG-b-PS) was selected 
as the basic building block for all polymeric 
vesicles because of two reasons: 1) it readily 
self-assembles into well-defined bilayered 
vesicular membranes,[17] and 2) the glass 
transition temperature (Tg) of the hydropho-
bic polystyrene segment lies far above room 
temperature, enabling the preparation 
of the kinetically entrapped stomatocyte 
morphologies.[16] The non-modifiable ma-
trix polymer for all constructs, MeO-PEG44-
b-PS240 2 was synthesised by atom transfer 
and locks the unusually strained stomato-
cyte morphology in place. Control over the 
opening is achieved by tuning the prolon-
gation of the shape transformation process 
through modification of the initial organic 
solvent composition. 
When polymeric vesicles with surface-
exposed functionalities – prepared by co-
assembly of polymers with a water-soluble 
end group[20] – are converted into stoma-
tocytes, we hypothesise that the func-
tional groups in the internal cavity can be 
preserved while the outer functionalities 
are converted by water-soluble reagents. 
The opening of the stomatocytes can sub-
sequently be widened through partial re-
versed engineering, whereupon the inner 
functionalities also become available for 
further modifications. A route towards the 
generation of positional difunctionalised 
stomatocytes adds a new dimension to 
controlled surface functionalisation of poly-
Figure 6.1  |  Schematic representation of the proposed strategy to achieve positional difunctionalisation 
of stomatocytes. The functionalities ending up on the polymer membrane pointing towards the lumen 
of the vesicles are not depicted in this cartoon for clarity reasons. 
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present within the extra internal compart-
ment are (partially) shielded from presence 
of a reducing agent. Since the value of both 
azides[22] and amines[23] in various conju-
gation reactions is well-established, they 
can serve as different handles for further 
site-specific difunctionalisation with e.g. bi-
ologically relevant compounds.
The hydrophobic block length of N3-
PEG-b-PS 6 was aimed to approach the DPn 
of the polystyrene segment of matrix poly-
mer 2. The hydrophilic segment of 6 was 
chosen to be PEG44, similar to the DPnPEG of 
matrix polymer 2, to ensure an unhampered 
stomatocyte formation process. As ATRP of 
styrene from an azido-containing PEG mac-
ro-initiator resulted in significant decompo-
sition of the N3-moiety, a strategy was ap-
plied in which PS was polymerised before 
coupling to functional PEG44 (Scheme 6.2). 
To this end, styrene was polymerised 
from the low-molecular weight initiator 
tert-butyl 2-bromoisobutyrate in anisole 
at 90 °C with CuBr/PMDETA as the catalyst. 
Upon approaching the desired DPnPS, the 
propagation reaction was terminated by ad-
dition of 1-phenyl-1-trimethtylsiloxyethene 
to cap the end groups with a ketone instead 
of a bromine; the latter functionality was 
found to interfere during further reactions 
radical polymerisation (ATRP) of styrene in 
anisole at 90 °C, starting from macro-initia-
tor α-methoxy–PEG44-ω-isobutyrylbromide 
(1) and using CuBr/N,N,N’,N”,N”-pentameth-
yldiethylenetriamine (PMDETA) as the cat-
alyst complex (Scheme 6.1).[21] Analysis of 
the resulting block copolymer with size ex-
clusion chromatography (SEC) analysis and 
matrix-assisted laser desorption/ionisation 
time-of-flight (MALDI-ToF) showed a num-
ber average degree of polymerisation (DPn) 
of polystyrene of 240 with narrow size dis-
tribution (polydispersity index (DPI) of 1.07), 
see Table 6.1. Macro-initiator 1 was obtained 
in high yield after a substitution reaction 
between α-bromoisobutyryl bromide and 
α-methoxy–PEG44-ω-hydroxide.
The creation of positional difunctional 
polymeric vesicles commenced with the 
synthesis of azido–PEG–PS 6 according to 
the route depicted in Scheme 6.2. We envi-
sioned that co-assembly of N3-bearing poly-
mers into the vesicular membrane would 
enable facile difunctionalisation through 
partial reduction of the surface-exposed 
azides into amines upon applying a suitable 
stimulus. When this strategy is coupled to 
the unique bowl-shaped stomatocyte ar-
chitecture, positional difunctionalisation 
might be attainable as the azide-groups 
O
O
Br
240
O
MeO 44
MeO O O
O
BrMeO O OH
α-bromoisobutyryl
bromide
Et3N, CH2Cl2
Ar atm., 16 h
styrene
CuBr, PMDETA 
anisole, Ar atm.1    85%
2    60%
44 44
Scheme 6.1  |  Matrix polymer MeO-PEG44-b-PS240 (2) was synthesised by ATRP of styrene, starting from 
macro-initiator α-methoxy–PEG44-ω-isobutyrylbromide (1).
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while the ketone proved to be inert. Ac-
cording to MALDI-ToF measurements, the 
resulting tert-BuOOC-PS 3 consisted of a 
DPn of 185 and SEC confirmed a narrow DPI 
of 1.06 (Table 6.1). Subsequent hydrolysis of 
the ester of 3 was performed in 1,4-dioxane 
(dioxane) with HCl under reflux to obtain 
α-carboxylic acid–polystyrene185 4 in quan-
titative yield. 
Next, an acetylene-moiety was in-
troduced on the polystyrene segment by 
reacting polymer 4 with propargylamine 
using (benzotriazol-1-yloxy)tripyrrolidino-
phosphonium hexafluorophosphate (Py-
BOP) as the coupling reagent together with 
N,N-diisopropylamine (DiPEA) in N,N-di-
methylformamide (DMF). The in high yield 
obtained propargyl–PS 6 was finally reacted 
with α,ω-diazido–poly(ethylene glycol)44 in 
a Cu(I)-mediated azide–alkyne Huisgen cyc-
loaddition reaction in tetrahydrofuran (THF) 
at 40 °C.[24] In order to minimise the chance 
of triblock formation, a large excess of diazi-
do-PEG was deployed. After straightforward 
removal of the non-reacted PEG molecules 
through precipitation of the product, N3-
PEG44-b-PS 6 was afforded in high yield. 
To determine the degree of difunc-
tionalisation on the outer surface of our 
stomatocytes, we selected a fluorogenic 
assay with two fluorophores with explic-
it reactivity towards either azido- or ami-
no-functionalities. The actual percentage 
of reduced azides was ascertained by com-
paring the fluorescence signals of the fluo-
rophore labelling experiments with in ad-
vance prepared calibration curves. Hereto, 
the fluorophore-labelled N3- and NH2-poly-
mers had to be synthesised before their 
fluorescence signal could be determined in 
relation to the polymer concentration. The 
synthesis of H2N-PEG44-PS was carried out by 
reacting the already available HOOC-PS185 4 
with an excess of α,ω-diamino–poly(eth-
ylene glycol)44 under the influence of Py-
BOP and DiPEA in DMF (Scheme 6.3, Table 
6.1). The crude product was purified from 
unreacted H2N-PEG-NH2 by precipitation, 
O
O
O
185
3    66%
HO
O
O
185
4    98%
O
O
Br
1. styrene, CuBr, PMDETA
 anisole, Ar atm., 90 °C
2. OH2C SiMe3
HCl, dioxane
110 °C, 18 h
DiPEA, PyBOP, DMF
0 °C to rt, 18 h
5    92%
O
185NH
O
N
H
O
185
NN
NON3
O
44
NH2
N3
ON3 44
CuBr, PMDETA, THF
Ar atm., 40 °C, 48 h
6    83%
Scheme 6.2  |  N3-functional PEG–PS 6 was synthesised in high yield via the CuI-mediated cycloaddition 
reaction of diazido–PEG with acetylene–PS 5.
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followed by recycling preparative gel per-
meation chromatography (GPC) to obtain 
H2N-PEG44-b-PS185 7 in an acceptable yield 
of 42%. As amine-selective fluorophore, 
5-(dimethylamino)naphthalene-1-sulfonyl 
chloride (dansyl chloride) was selected due 
to its high quantum yield in organic me-
dia.[25] The dansyl moiety was connected to 
amino-polymer 7 in dry dichloromethane 
(CH2Cl2) basified with triethylamine (Et3N), 
whereupon dansyl–PEG–PS 8 was obtained 
after extensive chromatographical purifica-
tions.
For the fluorescent labelling of N3-PEG–
PS block copolymers, NileRed was elected 
due to its good quantum yield in organic 
media and minimal energy transfer with 
dansyl.[26] Since an acetylene derivative of 
NileRed was not commercially available, 
we decided to synthesise it ourselves, com-
mencing with a ring-closing reaction be-
tween 5-diethylamino-2-nitrosophenol and 
1,6-dihydroxynaphthalene under reflux in 
DMF (Scheme 6.4).[27] The product, 9-(di-
ethylamino)-2-hydroxy-5H-benzo[a]phe-
H2N
O NH244
HO
O
O
185
4
N
H
O
O
185
OH2N 44
7    42%
PyBOP, DiPEA, DMF
0 °C to rt, 48 h
dansyl 
chloride
Et3N, CH2Cl2
Ar atm., 18 h
N
H
O
O
185
ON
H 44
S
O
O
N
8    18%
Scheme 6.3  |  H2N-PEG-b-PS, prepared by cou-
pling of HOOC-PS 4 with diamino-PEG, was re-
acted with dansyl chloride to afford fluorescently 
labelled polymer 8.
DMF
170 °C, 4 h
11    50%
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O
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O
N
H
O
185
NN
NON
O
44
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O
10    27%
9    35%
NO
OHN
+
OH
OH
K2CO3, DMF
Ar atm., 42 h
Br
CuBr, PMDETA, THF
Ar atm., 40 °C, 24 h
N3-PEG-PS 6
Scheme 6.4  |  NileRed-labelled PEG–PS 11 was synthesised by a CuI-mediated cycloaddition reaction 
between N3-PEG–PS 6 and NileRed derivative 10, derived from a reaction between 5-diethylamino-2-ni-
trosophenol and 1,6-dihydroxynaphthalene.
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With all required polymers ready for use, 
we continued with the preparation of azi-
do-displaying polymeric stomatocytes to 
verify our hypothesis of site-specific difunc-
tionalisation facilitated by the special bowl-
shaped morphology. In order to determine 
the degree of azide reduction inside the 
cavity, a two dye fluorogenic assay was 
developed with dansyl being reactive to-
wards amino-moieties and NileRed towards 
azides. Considering the diffraction limit of 
fluorescence microscopy, the vesicles dis-
cussed in this study could not be success-
fully visualised by optical techniques due 
to lack of meaningful contrast. Instead, bulk 
fluorescence spectroscopy was used and 
the degree of azide reduction on N3-sto-
matocytes and N3-polymersomes was com-
pared; a difference in the degree of dansyl/
NileRed-labelling between the stomato-
cyte- and polymersome samples is indica-
tive for an impact of the stomatocyte cavity 
on the reduction process. 
The stomatocytes and polymersomes 
noxazin-5-one (9), was obtained in a medi-
ocre yield after elimination of the many side 
products by column chromatography. Sub-
sequently, the acetylene handle was intro-
duced by a substitution reaction between 
the hydroxy-functionality of compound 9 
with propargylbromide in dry DMF under 
Ar atmosphere.[28] After rather troublesome 
purification by column chromatography, 
9-(diethylamino)-2-propargylether-5H-ben-
zo[a]phenoxazin-5-one (propargyl-NileRed, 
10) was afforded in 27%. Finally, propar-
gyl-NileRed 10 was utilised in the labelling 
of N3-PEG44-b-PS185 to fabricate NileRed–
PEG-b-PS 11, which was required for the 
preparation of one of the two calibration 
curves. The Huisgen click reaction was per-
formed in deoxygenised THF together with 
CuBr/PMDETA as catalyst/ligand couple and 
yielded polymer 11 in 50%.
6.2.2  |  Random difunctionalisation of 
opened stomatocytes analysed by fluoro-
genic assay 
Table 6.1  |  Molecular characteristics of the polymers 1-7. 
Entry Mn (SEC)a
(103 g/mol)
PDI (SEC)b
 Mw/Mn
m/z (MALDI)c
(103 Da)
DPnPS 
(MALDI)d
WPEG (MALDI)e
(%)
MeO-PEG44-Br  (1) 2.2 1.06 2.101 n/a 100
MeO-PEG44-b-PS240 (2) 22.6 1.07 27 240 7.8
tert-BuOOC-PS185 (3) 19.7 1.06 19 185 0
HOOC-PS185 (4) 19.2 1.11 19 185 0
Alkyne–PS185  (5) 19.6 1.06 19 185 0
N3-PEG44-b-PS185  (6) 23.8 1.14 21 185 10
NH2-PEG44-b-PS185  (7) 18.6 1.22 n/a 185 10
aMolecular weights determined by SEC; SEC calibration was based on the hydrodynamic diameter of 
PS standards; bThe PDI was calculated by the quotient of Mw and Mn obtained by SEC measurements; 
cMolecular weights determined with MALDI-ToF mass spectrometry; dCalculated number average de-
gree of polymerisation of PS (DPnPS) derived from the molecular weight obtained by MALDI-ToF analy-
sis; eCalculated weight fraction (W) of the PEG segment of the block copolymers based on MALDI-ToF 
results.
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ration of spherical polymersomes, with the 
alteration that water was added until a con-
tent of 75% was reached, so that the spheri-
cal morphology would already be frozen 
before dialysis. Both samples were analysed 
by transmission electron microscopy to ver-
ify the formation of the correct structures 
(Figure 6.2). Several batches of both stoma-
tocytes and polymersomes were prepared 
and separately combined into their own 
stock solution to eliminate any disparity in 
material for the difunctionalisation studies. 
The stomatocytes of the stock solution con-
tained an opening towards the inner cavity 
of 100-150 nm on average.
Next, it was verified whether an 
were prepared from the same stock solu-
tion of MeO-PEG44-b-PS240 (80 wt%) with N3-
PEG44-b-PS185 (20 wt%) in a mixture of THF 
and dioxane (60:40 in volume ratio, contain-
ing 1 wt% of polymer) to rule out any varia-
tions in azide contents. Stomatocytes were 
constructed by slow titration of ultrapure 
water, a precipitant for the PS block, to the 
vigorously stirring organic solution until the 
water content in the mixture reached 50%.
[16] The actual shape transformation into a 
bowl-shaped morphology was achieved 
upon dialysis of the cloudy suspension 
against pure water for at least 24 h with fre-
quent water changes. A similar self-assem-
bly procedure was followed for the prepa-
Figure 6.2  |  Dry-cast TEM micrographs of a) stomatocytes and b) polymersomes, both self-assembled 
from PEG44-b-PS with 20 wt% N3-PEG44-b-PS. The irregular shapes of the polymersomes depicted in panel 
b are the result of the drying process during sample preparation. Scale bars: 200 nm. 
P OH
O
HO
O
OHO
NaOH, MilliQ
3, 6, 9 or 12 h
N3-group NH2-group
Figure 6.3  |  Impression of azide reduction on the surface of stomatocytes by TCEP, whereby it is assumed 
that the “mouth” hampers diffusion of the reducing agent towards the cavity.
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mersomes prior to the fluorescent label-
ling and analysis. Efficient destruction of 
the reduced self-assemblies was achieved 
by extraction of the aqueous dispersions 
with CH2Cl2, whereupon the created amine 
end groups of the molecularly dissolved 
polymers were treated with a large excess 
of dansyl chloride. After 2 h of reaction 
time, the unreacted fluorophores were re-
moved by precipitation of the polymers in 
methanol. The amphiphiles were collect-
ed, weighed and redissolved in dioxane 
for analysis by fluorescence spectroscopy 
using an excitation wavelength (λex) of 525 
nm and emission wavelength (λem) rang-
ing from 525 to 750 nm. To calculate the 
amount of amino-groups present in the 
polymer mixture, the signal of each fluo-
rescence measurement at λem: 510 nm was 
normalised by weight and compared to the 
calibration curve of dansyl-PEG–PS 8. The 
mean of the experimental results in triplo 
was finally compared to the initial amount 
of azido-moieties in the sample to deter-
mine the percentage of reduced groups. 
The resulting values of the stomatocyte and 
opening of 100-150 nm towards the inner 
stomatocyte cavity is sufficiently narrow to 
hamper inwards diffusion of the reducing 
agent, thus, whether it is feasible to obtain 
positional difunctional vesicles via this strat-
egy. To this end, the N3-stomatocytes were 
treated with 50 equivalents of the water-
soluble and low-molecular weight tris(2-
carboxyethyl)phosphine hydrochloride 
(TCEP) for 3, 6, 9 or 12 h (Figure 6.3). Spheri-
cal polymersomes, with all surface-exposed 
azides equally accessible, were simultane-
ously reacted with TCEP for comparison. 
Upon reaching the pre-set reaction time, 
the reducing agent was removed from the 
vesicle suspensions by filtration over a 200 
nm membrane. All reduction reactions were 
performed in triplicate.
After treatment of all vesicle samples 
with TCEP, the remaining azides and creat-
ed amines were labelled with dansyl and 
NileRed, respectively. Because nano-con-
structs have the ability to scatter light, and 
therewith bias the fluorescence spectrosco-
py signal, the developed strategy included 
disassembly of the stomatocytes and poly-
Figure 6.4  |  The percentage of a) reduced groups and b) remaining azido-moieties present on the sur-
face of stomatocytes and polymersomes after different reduction times was determined by fluorescence 
spectroscopy.
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polymersome samples treated with TCEP for 
different periods of time are demonstrated 
in Figure 6.4a.
The trend that can be observed in Fig-
ure 6.4a, is that the longer the reduction 
time, the higher the amount of amines pre-
sent on the vesicles. Judging on the error 
bars that accompany the data points, the 
difference in degree of azide reduction on 
stomatocytes and polymersomes cannot be 
named significant. In addition, the theoreti-
cally maximum attainable amount of amines 
in respect to the initial amount of azides is 
approximately 50%; the N3-moieties present 
on the monolayer of the membrane that 
faces the lumen of the vesicles will not be 
approachable for TCEP as the PS membrane 
is virtually impermeable. However, the high-
est determined percentage of azide conver-
sion, observed for the 12 h experiments, was 
merely 20%. It is likely that this low value is 
either attributed by a sluggish reaction on 
the surface of the vesicles, or because the 
dansyl-labelling reaction did not achieve 
completion. In each way, the obtained re-
sults indicate that the 100-150 nm opening 
of the stomatocytes is not sufficient to ham-
per the diffusion of substantial amounts of 
reducing agent.
To confirm this hypothesis, the fluo-
rescence spectroscopy polymer samples 
were recovered and the unreduced azides 
were treated with a large excess of propar-
gyl-NileRed 10. The CuI-mediated labelling 
reactions were performed in a glove box 
under Ar atmosphere using CuBr/PMDETA 
in deoxygenised THF. The unreacted flu-
orophores were again removed from the 
mixture by precipitation of the polymers, 
and the resulting solids were collected and 
analysed by fluorescence spectroscopy as 
described before, with λex: 525 nm and λem: 
570 nm. The results, normalised in respect to 
the initial amount of N3-groups present, are 
depicted in Figure 6.4b. 
Once more, a clear trend can be found 
between prolongation of the reduction 
reaction and the consumption of azido-
functionalities. However, judging on the 
determined percentages of azides ranging 
between 70 and 20%, it seems that the la-
belling reactions with NileRed 10 were not 
quantitative; all samples should have given 
N3-values of at least 50% because approxi-
mately half of all azides were not available 
for reduction due to their position inside the 
vesicular lumen. Since addition of the estab-
lished amounts of NH2- and N3-groups never 
reaches 100%, it is clear that the experimen-
tal setup – with the labelling reactions in 
particular – requires optimisation. 
Despite the imperfections of the ap-
plied fluorogenic assay, the results show 
minimal differences between azide conver-
sion on polymersomes and stomatocytes. In 
fact, the dansyl-labelling indicates a higher 
amount of azides on the stomatocytes for 
all reduction times, while the NileRed as-
say constantly demonstrates a higher de-
gree of amines on stomatocytes. Taking all 
these considerations in account, it can be 
assumed that the 100-150 nm opening to-
wards the inner cavity of stomatocytes al-
lows fairly free in- and outbound diffusion 
of low-molecular weight molecules. 
6.2.3  |  Random difunctionalisation of 
opened stomatocytes analysed with zeta 
potential 
We envisaged that zeta potential analysis 
of the difunctionalised vesicles might be a 
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expected since even if positional difunc-
tionalisation took place, it is unlikely that 
the stomatocyte internal cavity contributed 
to the measurable surface charge. To this 
end, the reduced stomatocytes were re-
engineered into spherical polymersomes by 
dialysis in a mixture of MilliQ/(THF:dioxane) 
(50/50(25:75) so that the surface functionali-
ties present in the pocket became directly 
exposed to the environment.[15] Unexpect-
edly, the accompanying zeta potential val-
ues did not afford any useful information as 
all samples gave a value of around -39 mV. 
Further investigation by analysis of NH2-
stomatocytes, constituted of PEG–PS with 
20wt% NH2-PEG–PS, that were shape trans-
formed into spherical vesicles also resulted 
in a drop of zeta potential from -8.8 to -26 
mV. The reason for this remains unclear.
6.2.4  |  Towards positional difunctionali-
sation of closed stomatocytes
As the outcome of both the fluorogenic as-
say and zeta potential analyses suggested 
that reduction of N3-displaying stomato-
cytes with an opening of 100-150 nm did not 
lead to positional difunctionalised mem-
branes, we decided to switch gears and use 
stomatocytes with a virtually closed neck 
instead. It was shown in preceding studies 
that the diameter of the opening can be 
controlled through adjustment of the per-
centage of THF in the THF:dioxane solvent 
compositions utilised for polymer dissolu-
tion prior to self-assembly.[14, 16] Increasing 
volumes of THF lead to more closed struc-
tures because THF has a better plasticising 
effect on the membrane, thereby prolong-
ing the period of shape transformation be-
fore the PS segment vitrifies and the current 
more reliable method to determine a dif-
ference in reduction between N3-exposing 
stomatocytes and polymersomes. After all, 
the charge of an amine-covered surface 
is much more positive compared to an 
azide-functionalised area. A small portion of 
each TCEP-treated vesicle sample was with-
drawn before disassembly and measured 
with zeta potential light scattering. The in 
triplo acquired results are given in the graph 
of Figure 6.5.
The acquired zeta potential values 
show that longer reduction times led to in-
creasingly positive surface charges, which is 
in agreement with the previously compiled 
hypothesis. The values of the 12 h experi-
ments, -14.3 and -4.7 mV, are rather compara-
ble with the zeta potentials of stomatocytes 
and polymersomes composed of PEG–PS 
with 20wt% NH2-PEG–PS (-8.8 and -9.1 mV, 
respectively, not shown). Therefore, it could 
be concluded that the majority of accessi-
ble azide groups was converted into amines 
on both morphologies. There is no clear 
deviation between the values observed for 
the different vesicular shapes, which was 
Figure 6.5  |  Zeta potential values of in triplo 
treated N3-stomatocytes, N3-polymersomes and 
N3-reengineered stomatocytes plotted against 
the reduction time. 
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very narrow opening, while cryo-TEM addi-
tionally confirmed that the observed virtu-
ally closed opening was not merely a drying 
artefact. The very small opening in Figure 
6.6b can probably be attributed to the PEG 
corona, which hardly gives any contrast on 
TEM images.
To verify the applicability of the gold 
nanoparticle assay, biotin-exposing ves-
icles were constructed by co-assembly 
of biotin-functional block copolymer 
15. Synthesis of this polymer started by 
polymerisation of PS from ATRP-initia-
tor 2-(tert-butyloxycarbonyl-ethylenedi-
amine)isobutyrylbromide 12 (Scheme 6.5). 
The resulting Boc-protected amino-PS 
was capped with 1-phenyl-1-trimethylsi-
loxyethene to afford polymer 13 with a DPn 
of 170 according to MALDI-ToF and SEC (Ta-
ble 6.2). The acceptable but reasonably high 
PDI of 1.25 indicates a rather uncontrolled 
polymerisation reaction, probably caused 
by the nitrogen atoms present in the initia-
tor.[30] Nonetheless, the synthesis continued 
with Boc-deprotection of compound 13 in 
trifluoroacetic acid (TFA) and chloroform 
(CHCl3) to obtain amino–PS 14 in good yield. 
structure is trapped. Additionally, another 
assay to ascertain positional difunctionali-
sation was sought after. We selected a more 
visual perceptible approach by ligating gold 
nanoparticles to either the remaining azido- 
or emerging amino-moieties on the vesi-
cles, which subsequently could be analysed 
by TEM.[24] Biotin-streptavidin was chosen 
as ligation couple due to high selectivity, 
strength and commercial availability of the 
required materials, such as azido-reactive 
biotin, amino-reactive biotin and streptavi-
din-decorated Au nanoparticles.[29]
First, it was investigated whether an 
azido-functionalised surface would not 
hamper the formation of stomatocytes with 
a very narrow opening of < 5 nm towards 
the inner cavity. PEG–PS matrix polymer 
2 was together with 10 wt% N3-PEG–PS 6 
dissolved in THF (90 vol%) and dioxane (10 
vol%). The stomatocytes were prepared ac-
cording to the above described procedure 
and the resulting constructs were analysed 
by dry-cast TEM and cryogenic (cryo)-TEM 
(Figure 6.6). The TEM micrographs show 
that practically all N3-exposing nano-ob-
jects transformed into stomatocytes with a 
Figure 6.6  |  Stomatocytes with a very narrow opening composed of PEG–PS co-assembled with 10 wt% 
of N3-PEG–PS were analysed by a) dry-cast TEM and b) cryo-TEM. Scale bars: 500 nm.
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7.8) at 4 °C for 18 h. The unbound proteins 
were removed from the mixture by filtration 
using centrifugation and the vesicle disper-
sion was charged with biotin-functionalised 
gold nanoparticles of approximately 10 nm 
in diameter. As a negative control, another 
batch of biotin-polymersomes was treated 
with biotin-nanoparticles while omitting 
Eventually, block copolymer biotin–PEG66-
b-PS170 15 was generated by conjugation of 
α-biotinyl–PEG66-ω-N-hydroxysuccinimide 
(NHS) to H2N-PS170 in dry THF with little Et3N.
Next, biotin-functionalised polymer-
somes were constructed from 10 wt% PEG–
PS 15 with PEG44-PS 2 and incubated with 
streptavidin in phosphate buffer (20 mM, pH 
Scheme 6.5  |  Via polymerisation of styrene from initiator 12, biotin–PEG66-b-PS170 was synthesised after 
ligation of Boc-deprotected H2N-PS 14 with biotin–PEG-NHS ester.
Table 6.2  |  Molecular characteristics of polymers 13-15. 
Entry Mn (SEC)a
(103 g/mol)
PDI (SEC)b
 Mw/Mn
m/z (MALDI)c
(103 Da)
DPnPS d WPEG e
(%)
BocNH-PS170 (13) 20.5 1.25 17 170 0
H2N-PS170 (14) 20.5 1.27 17 170 0
Biotin–PEG66-b-PS170  (15) 15.9 1.04 19 170 14
aMolecular weights determined by SEC; SEC calibration was based on the hydrodynamic diameter of 
PS standards; bThe PDI was calculated by the quotient of Mw and Mn obtained by SEC measurements; 
cMolecular weights determined with MALDI-ToF mass spectrometry; dCalculated number average de-
gree of polymerisation of PS (DPnPS) derived from the molecular weight obtained by GPC and MALDI-
ToF analysis; eCalculated weight fraction (W) of the PEG segment of the block copolymers based on 
GPC and MALDI-ToF results. 
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bound many gold particles judging on the 
reddish colour of the pellet (a), contrary to 
the negative control (b). The positive con-
trol of biotin-polymersomes with streptavi-
din-nanoparticles showed a coloured pellet, 
thus binding, as well (c).
The samples a and b of Figure 6.7 were 
subsequently placed on an EM grid and the 
unbound gold particles were removed by 
washing with MilliQ. As depicted in Figure 
the streptavidin incubation step. A positive 
control was executed by addition of strepta-
vidin-exposing gold nanoparticles (~10 nm 
in diameter) to the biotin-functionalised 
vesicles. After 18 h at 4 °C, the conjugation 
of the Au particles to the surface of the poly-
mersomes was quickly tested on colour by 
centrifugation of the polymeric constructs 
into a pellet. As demonstrated in Figure 
6.7, the streptavidin-treated polymersomes 
Figure 6.7  |  The affinity of gold nanoparticles for functional polymersomes was tested by examining 
the colour of the spun-down vesicles; a) biotin-polymersomes treated with streptavidin and biotin-gold 
nanoparticles, b) biotin-polymers treated with biotin-gold nanoparticles and c) biotin-polymersomes 
treated with streptavidin-gold nanoparticles.
Figure 6.8  |  TEM micrographs of biotin-exposing polymersomes treated with a) streptavidin followed by 
biotin-Au nanoparticles and b) only biotin-Au nanoparticles. Scale bars: 200 nm.
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a randomly distributed mixture of NH2 and 
N3-moieties , and eventuated in fully NH2-
displaying nano-objects. 
A start was made with site-specific 
functionalisation of stomatocytes with a 
very narrow opening (< 5 nm) towards the 
inner cavity to further prevent inside diffu-
sion. N3-exposing, virtually closed stoma-
tocytes were successfully constructed 
through prolongation of the polymersome-
to-stomatocyte transformation directly 
after self-assembly. As the previously men-
tioned fluorogenic assay required optimisa-
tion, other methods were sought after to 
demonstrate positional difunctionalisation. 
A more visually perceptible approach, by li-
gation of small gold nanoparticles to either 
the remaining azido- or emerging amino-
groups, showed promising preliminary re-
sults, albeit the method of workup analysis 
requires optimisation.
Once a route for the preparation of po-
sitional difunctionalised polymeric vesicles 
is established, a new line of research is cre-
ated which could lead to novel constructs 
for exciting applications such as drug deliv-
ery and (bio)catalysis.
6.4  |  Outlook
A strategy for the fabrication of polymeric 
vesicles with locally differing chemistry to-
pologies remains to be established, yet the 
functionalisation of virtually closed stoma-
tocytes has high potential for achieving this 
goal. After treatment of the functionalities 
on the outer surface of these bowl-shaped 
vesicles, the diameter of the opening to-
wards the inner cavity can be widened by 
introduction of plasticising organic solvents 
in the membrane. When the requested 
6.8, there is a clear difference between the 
amount and pattern of the nanoparticles on 
the streptavidin-treated (Figure 6.8a) versus 
the untreated sample (Figure 6.8b). How-
ever, the micrograph in panel a suggest that 
a substantial amount of bound Au particles 
on top of the polymersomes were washed 
off – judging on the fact that most remain-
ing particles seem to be located between 
the grid and the vesicle – while not all gold 
was removed from the grid displayed in 
panel b. It is likely to assume that the biotin-
streptavidin binding was sufficiently strong, 
yet the interaction between the biotin li-
gand and the Au surface of the biotin-gold 
nanoparticles may have been too weak. 
Therefore, continuation of these studies re-
quires cryo-TEM analysis.
6.3  |  Conclusions
The aim of this work, positional surface 
difunctionalisation of bowl-shaped poly-
mersome stomatocytes, has not yet been 
demonstrated, however, important pro-
gress has been made. Fabrication of posi-
tional difunctional polymeric vesicles was 
pursued by reduction of azido-groups ex-
posed on the outer membrane segment of 
stomatocytes, while the N3-moieties in the 
inner cavity remained unconverted as the 
opening towards the “stomach“ would have 
been made sufficiently small to prevent in-
side diffusion of the reducing agent. Using 
a two fluorophore assay with reactivity to-
wards either azides or amines, it was shown 
that an opening of ~100-150 nm allowed 
unhindered diffusion of low-molecular 
weight reducing agents. With increasing re-
duction times, the particular system trans-
formed from N3-exposing stomatocytes to 
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nano-rockets. Furthermore, artificial orga-
nelles can be generated by immobilisation 
of enzymes inside stomatocytes while cell-
penetrating peptides are coupled to the 
outer surface. Upon cell-uptake, the en-
zymes are located in a rather protected sur-
rounding, yet they are still in contact with 
the environment through free diffusion of 
(small) molecules through the opening. As a 
final outlook, the unique stomatocyte archi-
tecture may be used to achieve site-specific 
exchange of the corona-forming blocks.[33] 
When the vesicles are self-assembled from 
block copolymers with an acid-labile hy-
drazone moiety, the hydrophilic blocks on 
the outer surface of stomatocytes can be 
exchanged for a different type of polymer 
whereas this replacement will not occur in-
side the cavity. Upon shape transformation 
of the bowl-shaped vesicles into polymer-
somes, the resulting spherical constructs 
will display different positional located co-
rona chains, each with their own function-
alities and properties.
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6.6  |  Experimental section
6.6.1  |  Materials
Unless stated otherwise, all chemicals were used 
opening size is obtained, the objects can be 
re-vitrified in their current state so that the 
functionalities inside the cavity are acces-
sible for further immobilisation reactions. 
In addition, the re-engineering process of 
the vesicle morphology can be extended to 
afford spherical polymersomes with Janus 
particle properties for an entirely different 
series of applications.
The verification of site-specific difunc-
tionalisation on polymer vesicles is not par-
ticularly straightforward, yet there are sev-
eral options that still can be explored. The 
earlier mentioned gold particle assay is an 
interesting approach; nanoparticles can be 
utilised that either adhere to the functional-
ities inside or outside the cavity of stomato-
cytes, which can be visually verified by cryo-
TEM analysis. The immobilisation of two 
different fluorophores, one reactive towards 
azides and the other towards amines, on re-
duced N3-stomatocytes with a narrow versus 
a wide neck is another possible approach. A 
third option is positional immobilisation of 
peptides that mediate the reduction of sil-
ver ions.[31, 32] The peptides themselves will 
not be visible, however, upon addition of sil-
ver ions, a several nanometre thick shell of 
silver will be formed on the sites where the 
peptides are coupled. The shape of the shell 
can subsequently tell more about the actual 
location of the peptides.  
Once positional difunctionalisation of 
stomatocytes is achieved, many possible 
and novel applications are within reach. For 
instance, gas-producing enzymes can be 
specifically immobilised within the internal 
cavity of the architectures. As the opening 
towards the cavity functions as a nozzle, the 
enzyme-containing chamber can function 
as the motor for bio-inspired self-propelling 
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(CD3)2SO.
Fourier transform infrared spectroscopy 
(FT-IR) spectra were recorded on an ATI Matson 
Genesis Series FT-IR spectrometer fitted with an 
attenuated total reflectance (ATR) cell. The vibra-
tions (ν) are given in cm-1.
Molecular weights of the block copolymers 
were measured on a Shimadzu size exclusion 
chromatograph equipped with a guard column, 
a Polymer Laboratories PLgel 5 µm mixed D column 
and differential refractive index (RI) and UV (λ: 
254 nm) detection. The system was eluted with 
THF of analysis grade, using a flow rate of 1.00 
mL/min at 35 °C. The calibration was performed 
with polystyrene standards ranging from 580 to 
377,400 g/mol.
Product purification by preparative recy-
cling gel permeation chromatography (GPC) was 
performed on a Shodex GPC H-200.5 column (15 
µm, 500 × 20 mm) placed in series with a Sho-
dex GPC H-2002 column (15 µm, 500 × 20 mm). 
The system was run on CHCl3 (analytical grade) 
with a flow rate of 3.50 mL/min, maintained by 
a Shimadzu LC20AT pump, and equipped with a 
ultra-violet (UV) SPD-20A detector. After injec-
tion, the sample was circulated over the columns 
multiple times until a clear separation could be 
detected. Finally, the system was eluted and the 
products were collected using an automated 
CHF 122 SB fraction collector set at one tube per 
minute.
Matrix-assisted laser desorption/ionisation 
time-of-flight (MALDI-ToF) mass spectra were 
recorded on a Bruker Biflex III spectrometer. Sam-
ples were prepared according to two methods: 
1) by adding together the solutions of the matrix 
trans,trans-1,4-diphenyl-1,3-butadiene (DPB, 50 
µL of 20 mg/mL), silver trifluoroacetate (Ag·TFA, 
50 µL of 50 µg/mL) and polymer (50 µL of 2.00 
mg/mL) in THF, followed by placing spots of 0.3, 
0.6 and 0.9 µL on the MALDI sample plate which 
were air-dried before analysis; [34]  2) by sandwich-
ing spots of matrix dithranol (0.3 µL of 20 mg/
mL) in THF, the polymer solution (0.3 µL of 2.00 
mg/mL) in THF and dithranol (0.3 µL of 20 mg/
mL) in THF on a MALDI sample plate, respective-
ly, whereupon the spots were air-dried before 
without further purification. Tetrahydrofuran 
(THF) was distilled under Ar atmosphere from so-
dium/benzophenone, or dried by purging over 
an activated alumina column using an MBraun 
MB SPS800 system under nitrogen atmosphere; 
triethylamine (Et3N) was distilled under Ar at-
mosphere from CaH2. The MilliQ water used for 
self-assembly experiments and dialysis of sto-
matocytes and polymersomes was double de-
ionised with a Labconco Water Pro PS purification 
system (18.2 MΩ). Styrene was distilled before 
use and CuBr was purified by washing it with gla-
cial acetic acid, ethanol and diethylether, respec-
tively, followed by drying in vacuo and storage in 
the dark under Ar atmosphere. All other reagents 
and solvents were of the highest quality grade 
available and acquired from commercial sources. 
If no further details are given, reactions 
were carried out under ambient atmosphere 
and temperature. Thin layer chromatography 
(TLC) was performed on Merck TLC Silica gel 60 
F254 plates (layer thickness 0.25 mm). The TLC 
plates were analysed by ultra-violet (UV) light 
irradiation at wavelength (λ) 254 nm and/or 366 
nm, and/or staining with KMnO4 (10% KMnO4 in 
2 M NaOH with K2CO3). Purifications by silica gel 
column chromatography were carried out using 
Silicycle silica gel (0.040-0.043 mm and ca. 6 nm 
pore size); purifications using preparative TLC 
were performed on Merck Kieselgel 60 F254 si-
lenisiert 1.00 mm plates. 
6.6.2  |  Instrumentation
Nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker DMC300 (75 MHz for 13C), 
a Varian Inova 400 (400 MHz for 1H) or a Bruker 
Avance III 500 (500 MHz for 1H, 125 MHz for 13C) 
spectrometer. 1H NMR chemical shifts (δ) are re-
ported in parts per million (ppm) relative to a 
residual proton peak of the solvent; δ: 7.26 for 
CDCl3, and δ: 2.50 for (CD3)2SO. Multiplicities are 
reported as s (singlet), d (doublet), t (triplet) and 
m (multiplet). Broad signals are indicated by the 
addition of br. Coupling constants are reported 
as J value in Hertz (Hz). 13C NMR chemical shifts 
(δ) are reported in ppm relative to a carbon sig-
nal of the solvent; δ: 77.0 for CDCl3 and δ: 39.5 for 
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sions was measured with a Malvern Instruments 
Zetasizer Nano-ZS (ZEN 1600) apparatus. A sam-
ple was typically prepared by diluting the vesicle 
solution (50 μL) in MilliQ water (1.00 mL) and sub-
sequently loaded in a Malvern disposable folded 
capillary cell. The reported value is an average of 
three measurements.
6.6.3  |  Synthetic procedures
α-Methoxy–poly(ethylene glycol)44-ω-isobu-
tyrylbromide (1)
MeO
O
O
O
Br
44
Modified literature procedure:[21] α-methoxy–
poly(ethylene glycol)44-ω-hydroxide (5.00 g, 2.50 
mmol) was dissolved in toluene (16 mL) and 
dried by co-evaporation using the rotary evap-
orator. The dried polymer was then dissolved 
in freshly distilled THF (50 mL) and the solution 
was transferred with a syringe to a flame-dried 
Schlenk tube, equipped with a magnetic stirring 
bar, under nitrogen atmosphere. Freshly distilled 
Et3N (1.04 mL, 7.39 mmol) was added and the 
mixture was cooled to 0 °C. After 10 min, α-bro-
moisobutyryl bromide (616 μL, 4.98 mmol) was 
added using a syringe. The reaction mixture was 
allowed to warm to room temperature while stir-
ring for 2 days. The precipitated triethylamine salt 
was removed by filtration and the solution was 
dried by rotary evaporation. The crude product 
was redissolved in THF (15 mL) and the remain-
ing amine salt that precipitated was filtered off (2 
×). The solution was concentrated to 10 mL and 
subsequently dripped into stirring diethylether 
(Et2O, 300 mL). The ether suspension was placed 
in the freezer for one hour whereupon the white 
precipitate was filtered off, washed with ice-cold 
Et2O and dried under vacuum. The product was 
obtained as a white solid (3.50 g, 70%). 
1H NMR (400 MHz, CDCl3) δ: 4.29 (t, J = 1.4 
Hz, 2H, CH2CH2OC(O)C(CH3)2Br), 3.78 (t, J = 1.4 Hz, 
2H, CH2CH2OC(O)C(CH3)2Br), 3.60 (br. s, PEG back-
bone), 3.51 (m, 2H, CH3OCH2), 3.34 (s, 3H, CH3OCH2), 
1.89 (s, 6H, (CH3)2Br) ppm; 13C NMR (75 MHz, CDCl3) 
δ: 171.5 (OC(O)C(CH2)2Br), 71.8, 70.5 (br. s, PEG back-
analysis. 
LCQ/MS analysis was performed with a 
Thermo scientific Advantage LCQ using linear ion-
trap electrospray ionisation (ESI).
High resolution mass spectrometry (HRMS) 
analyses were performed on a JEOL AccuToF us-
ing ESI.
For the self-assembly of the polymeric ves-
icles, a Harvard Apparatus PicoPlus syringe pump 
was used in combination with a 5 mL syringe 
equipped with a steel needle. The pump was cali-
brated to deliver water with a speed of 1.00 mL/h. 
Transmission electron microscopy (TEM) 
was performed on a JEOL JEM 1010 microscope 
with an acceleration voltage of 60 kV equipped 
with a charge-coupled device (CCD) camera. 
Sample specimens were prepared by placing a 
drop (10 µL) of a much diluted aqueous vesicle 
solution on an EM science carbon-coated copper 
grid (200 mesh). The grid was finally air-dried for 
at least 4 hours and analysed without further 
treatment.
For cryogenic transmission electron micros-
copy (cryo-TEM) analysis, the specimens were 
examined in a Tecnai 12 microscope, operated at 
120 kV using a Gatan cryo-holder system. A small 
droplet of the suspension (1.2 μL) was placed on a 
holey carbon film supported on a EM Science TEM 
copper grid. Following the pre-set procedure of 
the FEI Vitrobot vitrification system, the specimen 
was blotted (2 × 2 sec) and plunged into a liquid 
ethane reservoir cooled by liquid nitrogen. The 
vitrified samples were transferred to a Gatan 626 
cryo-holder using a cryo-transfer stage cooled by 
liquid nitrogen. During observation of the vitri-
fied samples, the cryo-holder temperature was 
maintained below -177 °C to prevent sublimation 
of vitreous water. The images were recorded dig-
itally with a Gatan low-dose CCD camera using 
the accompanying software package.
Fluorescence measurements were per-
formed in a PerkinElmer LS 55 luminescence spec-
trometer using a quartz cuvette (1.00 cm path 
length). The spectra were recorded using exci-
tation and emission slits of 5 nm, with a scanning 
speed of 200 nm/min.
The zeta potential of the particle disper-
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backbone), 39.9 (2C, C(O)C(CH2)2Br) ppm; FT-IR 
νmax film: 3025, 2922, 2850, 1939, 1874, 1809, 1726 
(νC=O), 1601, 1492, 1452, 1105, 758, 698 cm-1; SEC 
(THF): Mn = 22.6 × 103 g/mol, Mw/Mn = 1.07; MALDI-
ToF MS (DPB): m/z = 27 kDa. 
α-tert-Butyloxycarbonyl–polystyrene185 (3)
O
185O
O
Modified literature procedure:[35] CuBr (45.0 
mg, 0.313 mmol) was added to a Schlenk tube 
equipped with a magnetic stirring bar and a 
septum. The tube was degassed under vacuum 
for 10 minutes and refilled with N2 (2 ×). PMDE-
TA (66.0 μL, 0.313 mmol) in anisole (0.50 mL) was 
injected in the Schlenk tube via a syringe and 
the mixture was vigorously stirred for 15 min. Af-
ter the addition of styrene (5.74 mL, 50.0 mmol), 
the solution was degassed for 15 min, cooled 
to 0 °C and charged with the initiator tert-butyl 
α-bromoisobutyrate (27.0 μL, 0.144 mmol). The 
mixture was degassed for an additional 15 min, 
whereupon the Schlenk tube was transferred to 
a pre-heated oil bath at 90 °C. The progress of 
the reaction was monitored by 1H NMR and GPC. 
Upon achieving the desired degree of polymer-
isation (DPn), 1-phenyl-1-trimethylsiloxyethene 
(1.91 mL, 9.33 mmol) was added and the reaction 
was stirred for 2 h to quench all polymer chains. 
For workup, the mixture was diluted with CH2Cl2 
(75 mL) and extracted with aqueous EDTA solu-
tion (2 × 150 mL of 65 mmol). The aqueous phase 
was washed with CH2Cl2 (2 × 50 mL) and the com-
bined organic layers were dried over MgSO4 and 
concentrated. The crude was precipitated twice 
from CH2Cl2 (2 mL) in stirring MeOH (200 mL), col-
lected by filtration and dried to the air overnight 
to obtain tert-BuOOC-PS 7 as a white solid (3.37 
g, 43%). 
1H NMR (400 MHz, CDCl3) δ: 7.42-6.34 (br. s, 
PS arom.), 2.07-1.30 (br. s, PS backbone), 1.26 (br. s, 
9H, C(CH3)3), 0.94 (m, 6H, C(O)C(CH3)2CH2) ppm; 13C 
NMR (75 MHz, CDCl3) δ: 148.3 (PS arom.), 127.6 (PS 
arom.), 125.2 (PS arom.), 45.9-40.4 (PS backbone), 
39.9 (2C, C(O)C(CH2)2Br) ppm; FT-IR νmax film: 3025, 
bone), 68.6, 65.0, 59.0 (H3COCH2CH2O), 55.7 (C(O)
C(CH2)2Br), 30.7 (2C, C(O)C(CH2)2Br) ppm; FT-IR νmax 
film: 2884, 1733 (νC=O), 1642, 1466, 1091, 962, 847 
cm-1; MALDI-ToF MS (DPB): m/z = 2101 Da. 
α-Methoxy–poly(ethylene glycol)44-b-poly-
styrene240(2)
O
O
Br
240
O
MeO 44
Modified literature procedure:[21] CuBr (45.0 
mg, 0.313 mmol) was added to a Schlenk tube 
equipped with a magnetic stirring bar and a 
septum. The tube was evacuated for 10 min us-
ing vacuum and placed under nitrogen atmo-
sphere (3 ×). Under positive nitrogen pressure, 
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine 
(PMDETA) (66.0 μL, 0.313 mmol) in anisole (0.50 
mL) was added to the tube with a syringe. The 
mixture was vigorously stirred for 15 min and 
styrene (5.74 mL, 50.0 mmol) was added. After 
degassing the solution for 15 min, the tube was 
cooled to 0 °C and charged with macro-initiator 
1 (215 mg, 0.100 mmol) in anisole (0.50 mL). The 
solution was degassed for an additional 15 min 
and the tube was transferred to a pre-heated oil 
bath at 90 °C. The reaction progress was moni-
tored by 1H NMR and GPC, and upon attainment 
of the required molecular weight, the reaction 
was quenched by diluting it with CH2Cl2 (75 
mL) and exposure to the air. The diluted solu-
tion was extracted with aqueous ethylenedi-
aminetetraacetic acid (EDTA, 2 × 150 mL of 65 
mM) and the combined aqueous phases were 
washed with CH2Cl2 (2 × 50 mL). The organic lay-
ers were merged, dried over MgSO4 and concen-
trated in vacuo. The crude was precipitated twice 
from CH2Cl2 (3 mL) in MeOH (200 mL), whereupon 
the white solid product was collected by filtra-
tion and dried to the air overnight (2.15 g, 60%). 
1H NMR (400 MHz, CDCl3) δ: 7.36-6.59 (br. s, 
PS arom.), 3.75-3.43 (br. s, PEG backbone), 3.40 (s, 
3H, CH3OCH2), 2.20-1.34 (br. s, PS backbone), 0.94 
(br. m, 6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 145.2 (PS arom.), 127.9 (PS arom.), 125.2 
(PS arom.), 70.6 (PEG backbone), 46.2-40.7 (PS 
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warmed up to room temperature. The solution 
was diluted with CH2Cl2 (75 mL), extracted with 
aqueous NaHCO3 (5 wt%, 25 mL) and aqueous 
NaCl (sat., 25 mL), and dried over MgSO4. After 
removal of all solvents by rotary evaporation, 
the crude was redissolved in CH2Cl2 (5 mL) and 
two times precipitated in MeOH (200 mL). The 
precipitate was collected by filtration and dried 
extensively to obtain polymer 5 as a white solid 
(0.930 g, 92%). 
1H NMR (400 MHz, CDCl3) δ: 7.09-6.48 (br. s, 
PS arom.), 3.19 (m, 2H, HCCCH2NH), 2.07-1.28 (br. s, 
PS backbone), 0.93 (m, 6H, C(O)C(CH3)2CH2) ppm; 
13C NMR (75 MHz, CDCl3) δ: 145.3 (PS arom.), 127.9 
(PS arom.), 125.2 (PS arom.), 46.1-40.4 (PS back-
bone) ppm; FT-IR νmax film: 3059, 3025, 2923, 1878, 
1678 (νC=O), 1492, 1452, 758, 698 cm-1; SEC (THF): Mn 
= 19.6 × 103 g/mol, Mw/Mn = 1.06; MALDI-ToF MS 
(DPB): m/z = 19 kDa.
α-Azido–poly(ethylene glycol)44-b-polysty-
rene185 (6) 
N
H
O
185
NN
N
O
N3
O
44
A Schlenk tube was charged with PS 5 (400 mg, 
19.2 μmol), α,ω-diazido–poly(ethylene glycol)44 
(269 mg, 134 μmol) and a magnetic stirrer bar. 
The tube was evacuated under vacuum for 10 
min and refilled with nitrogen (2 ×). Freshly dis-
tilled THF (14 mL) was added to the tube under 
nitrogen atmosphere with a syringe and the 
stirring solution was deoxygenised with Ar for 15 
min. Next, a suspension of Cu(I)Br (10.9 mg, 74.9 
μmol) and PMDETA (16.0 μL, 75.3 μmol) in fresh-
ly distilled THF (1.0 mL) was added and the mix-
ture was degassed for an additional 15 min. The 
components were reacted at 40 °C for 48 h, while 
monitoring the conversion by GPC analysis. Af-
ter completion of the reaction, the solution was 
diluted with CH2Cl2 (40 mL) and extracted with 
aqueous EDTA (2 × 40 mL of 33 mM solution). 
The combined aqueous layers were washed with 
CH2Cl2 (40 mL), whereupon the organic layers 
were merged, dried over MgSO4 and concentrat-
ed in vacuo. The remaining crude was redissolved 
2923, 1943, 1878, 1796, 1722 (νC=O), 1688, 1600, 1492, 
1451, 909, 756, 698 cm-1; SEC (THF): Mn = 19.7 × 103 
g/mol, Mw/Mn = 1.06; MALDI-ToF MS (DPB): m/z = 
19 kDa.
α-Carboxylic acid–polystyrene185 (4)
O
185HO
O
Polymer 3 (3.00 g, 0.125 mmol) was dissolved in 
1,4-dioxane (dioxane, 25 mL), and concentrated 
HCl (38%, 1.50 mL) was added. The reaction was 
left to reflux overnight at 110 °C and the progress 
of the reaction was monitored by 1H NMR. Upon 
complete hydrolysis, the reaction mixture was 
cooled to room temperature and the solvent was 
removed by rotary evaporation. The remaining 
solid was redissolved in CH2Cl2 (5 mL) and pre-
cipitated in MeOH (200 mL) to obtain product 
4, after drying to the air and under vacuum, as a 
white solid (2.59 g, 98%). 
1H NMR (400 MHz, CDCl3) δ: 7.38-6.52 (br. 
s, PS arom.), 2.13-1.28 (br. s, PS backbone), 0.94 
(m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 145.3 (PS arom.), 127.9 (PS arom.), 125.2 
(PS arom.), 46.1-40.4 (PS backbone), 39.9 (2C, C(O)
C(CH2)2Br) ppm; FT-IR νmax film: 3025, 2923, 1947, 
1878, 1805, 1698 (νC=O), 1600, 1492, 1452, 1221, 734, 
703 cm-1; SEC (THF): Mn = 19.2 × 103 g/mol, Mw/Mn 
= 1.11; MALDI-ToF MS (DPB): m/z = 19 kDa.
α-Propargylamine–polystyrene185 (5)
O
185NH
O
HOOC-PS185 4 (1.00 g, 41.6 μmol) was together 
with propargylamine (7.40 μL, 115 μmol) and 
N,N-diisopropylethylamine (DiPEA, 34.0 μL, 195 
μmol) dissolved in N,N-dimethylformamide 
(DMF, dried over mol. sieves, 15 mL). The solution 
was cooled to 0 °C and stirred for 10 min before 
(benzotriazol-1-yloxy)tripyrrolidinophosphoni-
um hexafluorophosphate (PyBOP, 71.2 mg, 137 
μmol) was added. The components were allowed 
to react for 18 h while the reaction mixture slowly 
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144.9 (PS arom.), 128.0 (PS arom.), 125.4 (PS arom.), 
70.4 (PEG backbone), 46.1-40.4 (PS backbone) 
ppm; FT-IR νmax film: 3451, 3024, 2922, 1939, 1873, 
1774, 1708 (νC=O), 1675, 1599, 1492, 1452, 1350, 1101, 
1029, 757, 698 cm-1; SEC (THF): Mn = 18.6 × 103 g/
mol, Mw/Mn = 1.22. 
α-Dansyl–poly(ethylene glycol)44-b-polysty-
rene185 (8)
N
H
O
O
185
O
N
H 44
S
O
O
N
Dansyl chloride (25.6 mg, 95.1 μmol) and dry Et3N 
(dry, 71.9 μL, 53.9 μmol) were dissolved in freshly 
distilled CH2Cl2 (4 mL) in a flame-dried Schlenk 
tube, equipped with a magnetic stir bar, under 
nitrogen atmosphere. The mixture was charged 
with H2N-PEG–PS 7 (198 mg, 8.99 μmol) in dry 
CH2Cl2 (3 mL) using a syringe and stirred over-
night in the dark. Upon completion of the reac-
tion, CH2Cl2 (10 mL) was added and the solution 
was extracted with aqueous NaHCO3 (4% wt, 
2 × 40 mL). The organic phase was dried over 
MgSO4 and concentrated to dryness through ro-
tary evaporation. The crude product was purified 
by column chromatography, first over silica gel 
(CH2Cl2:MeOH, 10:0 to 9:1) and subsequently over 
a preparative TLC (CH2Cl2:MeOH, 9:1) to obtain 
dansyl–PEG–PS 8 as a brown glassy solid (34.6 
mg, 18 %). 
1H NMR (400 MHz, CDCl3) δ: 7.75-7.39 (br. m, 
dansyl) 7.23-6.27 (br. s, PS arom.), 3.67 (br. s, PEG 
backbone), 3.51 (m, 2H, S(O)2NHCH2CH2), 2.92 (s, 
6H, dansyl N(CH3)2), 2.30-1.27 (br. s, PS backbone), 
0.93 (br. m, 6H, COC(CH3)2CH2) ppm; 13C NMR (75 
MHz, CDCl3) δ: 145.0 (PS arom.), 128.1 (PS arom.), 
125.4 (PS arom.), 70.6 (PEG backbone), 46.1-40.4 
(PS backbone) ppm; FT-IR νmax film:, 3058, 3025, 
2922, 1945, 1774, 1708 (νC=O), 1675, 1605, 1492, 1452, 
1260, 1108, 1036, 762, 699, 614, 482 cm-1. 
9-(Diethylamino)-2-hydroxy-5H-benzo[a]
phenoxazin-5-one (9)
O
N
ON
OH
in little CH2Cl2 (2 mL) and purified from unreact-
ed PEG by precipitation in MeOH (200 mL) twice. 
Finally, product 6 was obtained as a white solid 
(361 mg, 83%) and contained approximately 5% 
unfunctionalised PS 5 according to TLC analysis. 
1H NMR (400 MHz, CDCl3) δ: 7.16-6.48 (br. 
s, PS arom.), 3.83 (m, 2H, OCH2CH2N3) 3.75 (m, 
2H, OCH2CH2N3), 3.75-3.43 (br. s, PEG backbone), 
2.09-1.34 (br. s, PS backbone), 0.93 (m, 6H, C(O)
C(CH3)2CH2) ppm; 13C NMR (75 MHz, CDCl3) δ: 144.9 
(PS arom.), 127.5 (PS arom.), 125.7 (PS arom.), 70.1 
(PEG backbone), 46.1-40.4 (PS backbone) ppm; 
FT-IR νmax film: 3074, 3059, 3025, 2922, 2100 (νN3) 
1866, 1740, 1680 (νC=O), 1601, 1492, 1452, 758, 698 
cm-1; SEC (THF): Mn = 23.8 × 103 g/mol, Mw/Mn = 
1.14; MALDI-ToF MS (DPB): m/z = 21 kDa.
α-Amino–poly(ethylene glycol)44-b-polysty-
rene185 (7)
N
H
O
O
185
O
H2N 44
HOOC-PS 4 (250 mg, 10.4 μmol) and diamino–
poly(ethylene glycol)44 (236 mg, 118 μmol) were 
dissolved in DMF (35 mL), and DiPEA (8.5 μL, 48 
μmol) was added to it. The solution was stirred 
at 0 °C for 10 min and PyBOP (17.8 mg, 33.8 μmol) 
was added before the reaction was left to warm 
slowly to room temperature while stirring for 
two days. For workup, CH2Cl2 (75 mL) was added 
and the solution was extracted with aqueous 
NaHCO3 (4 wt%, 25 mL) and aqueous NaCl (sat., 
25 mL). The organic phase was dried over MgSO4 
and the organic solvent was evaporated in vacuo. 
The unreacted PEG blocks were mostly removed 
by precipitation of the crude in MeOH:Et3N (250 
mL, 250:0.1 in volume ratio), whereupon the 
crude was additionally purified using preparative 
recycling GPC in CHCl3 to obtain product 7 as a 
slightly yellow glassy solid (106 mg, 42%). 
1H NMR (400 MHz, CDCl3) δ: 7.23-6.27 (br. s, 
PS arom.), 5.87 (br. s, 1H, NHC(O)CC(CH2)CH2), 3.83 
(m, 2H), 3.67 (br. s, PEG backbone), 3.51 (br. m, 
2H), 3.32 (br. m, 2H), 3.20 (br. m, 2H), 3.06 (br. m, 
2H), 2.30-1.27 (br. s, PS backbone), 0.92 (br. m, 6H, 
COC(CH3)2CH2) ppm; 13C NMR (75 MHz, CDCl3) δ: 
Chapter 6   |
154
mg, 450 μmol in toluene 80 wt%) was injected. 
The progress of the reaction was monitored with 
TLC and LCQ and after 6 h, an additional portion 
of propargyl bromide (18.0 mg, 150 μmol in tolu-
ene 80 wt%) was added. After stirring the mix-
ture for another 36 h, CH2Cl2 (20 mL) was added 
and the solution was extracted with water (2 × 30 
mL). The water phase was then washed with CH-
2Cl2 (3 × 15 mL) and the combined organic layers 
were dried over K2SO4. The solvent was removed 
by rotary evaporation and the crude was puri-
fied by column chromatography over silica gel 
(CH2Cl2:MeOH, 19:1) to obtain product 10 as a dark 
purple solid (27.0 mg, 27 %). According to TLC, 
the 10% impurities already present in the starting 
material were still contaminating the product. 
RF = 0.55 (CH2Cl2:MeOH, 19:1); 1H NMR (400 
MHz, CDCl3) δ: 8.58 (d, J = 8.8 Hz, 1H, C(O)CCHCH-
COH), 7.80 (d, J = 2.7 Hz, 1H, NCCCHCOH), 7.59 (d, 
J = 9.0 Hz, 1H, NCCHCHCN), 7.33 (d, J = 8.8, 2.8 Hz, 
1H, C(O)CCHCHCOH), 6.67 (dd, J = 9.1, 2.7 Hz, 1H, 
NCCHCHCN), 6.47 (d, J = 2.6, 1H, NCCHCO) 6.39 
(s, 1H, OCCHC(O)), 4.86 (s, 2H, COCH2CΞCH), 3.46 
(q, J = 7.1 Hz, 4H, (CH2CH3)2)N), 2.56 (s, 1H, COCH-
2CΞCH), 1.25 (t, J = 7.0 Hz, 6H, (CH2CH3)2N) ppm; 13C 
NMR (125 MHz, CDCl3) δ: 183.2 (C(O)), 159.3 (COH), 
151.9 (NCCCHCOCH2), 150.4 (OCCHC(O)), 146.6 
(NCCHCCO), 133.4 ((CH3 CH2)2NC), 130.8 (C(O)CCH-
CHCOH), 125.9 (NCCHCHCN), 125.0 (NCCHCHCN), 
120.7 (C(O)CCHCHC OH), 109.8 (NCCCHCOCH2), 
108.3 (NCCHCHCN), 105.6 (OCCHC(O)), 96.3 (NC-
CHCO), 78.0 (COCH2CΞCH), 76.0 (COCH2CΞCH) 
56.1 (COCH2 CΞCH), 45.1 (2C, N(CH2CH3)2),12.6 (2C, 
N(CH2CH3)2) ppm; FT-IR νmax film: 3283, 3196, 2920, 
1580, 1497, 1464, 1407, 1329, 1266, 1205, 1117, 1095, 
1016, 908, 819, 731, 636 cm-1; HRMS (ESI+) m/z 
calcd for C23H18N2O3 [M+H]+ 373.15, found 373.16. 
α-NileRed–poly(ethylene glycol)44-b-polysty-
rene185 (11)
N
H
O
185
NN
NON
O
44
NN
Nile
Red
Azido-functionalised 6 (9.33 mg, 0.440 μmol), 
acetylene-NileRed 10 (1.64 mg, 4.40 μmol) and 
freshly distilled THF (1.00 mL) were added to a 
Modified literature procedure:[27] 5-diethylami-
no-2-nitrosophenol hydrochloride (1.01 g, 4.96 
mmol) and 1,6-dihydroxynaphthalene (790 mg, 
4.94 mmol) were dissolved in DMF (dried over 
mol. sieves, 100 mL) and heated till reflux at 170 
°C for 4 h. The organic solvent was removed by 
rotary evaporation, whereupon the product was 
purified by column chromatography over silica 
gel (CH2Cl2:MeOH, 19:1). Product 9 was obtained 
as a dark purple to greenish black solid, contain-
ing approximately 10% impurities according to 
TLC analysis (355 mg, 35%). 
RF = 0.42 (CH2Cl2:MeOH, 19:1); 1H NMR (500 
MHz, (CD3)2SO) δ: 8.40 (dd, J = 8.7, 0.3 Hz, 1H, 
C(O)CCHCHCOH), 7.57 (d, J = 9.1 Hz, 1H, NCCH-
CHCN), 7.44 (dd, J = 2.6, 0.3 Hz, 1H, NCCCHCOH), 
7.20 (dd, J = 8.7, 2.7 Hz, 1H, C(O)CCHCHCOH), 
6.81 (dd, J = 9.1, 2.7 Hz, 1H, NCCHCHCN), 6.64 
(d, J = 2.7 Hz, 1H, NCCHCO), 6.24 (s, 1H, OCCH-
C(O)), 3.48 (q, J = 7.0 Hz, 4H, N(CH2CH3)2), 1.14 (t, 
J = 7.0 Hz, 6H, N(CH2CH3)2) ppm; 13C NMR (125 
MHz, (CD3)2SO) δ: 196.8 (C(O)), 181.9 (COH), 159.6 
(NCCHCHCN), 151.4 (OCCHCC(O)), 150.1 (NCCH-
CO), 146.0 (NCCHCO), 138.7 (NCCCHCOH), 132.9 
(C(O)CCHCHCOH), 130.3 (C(O)CCHCHCOH), 125.7 
(NCCHCHCN), 123.3 (NCCHCHCN), 120.1 (NCCH-
CHCN), 110.1 (OCCHC(O)), 109.9 (NCCCHCOH), 
104.6 (C(O)CCHCHCOH), 96.0 (NCCHCO), 44.3 (2C, 
(CH2 CH3)2N), 12.4 (2C, (CH2CH3)2N) ppm; FT-IR νmax 
film: 3237 (νOH), 2922, 1705 (νC=O), 1587, 1563, 1467, 
1409, 1380, 1328, 1276, 1215, 1180, 1118, 1072, 1020, 
835 cm-1; HRMS (ESI+) m/z calcd for C20H19N2O3 
[M+H]+ 335.13, found 335.14. 
9-(Diethylamino)-2-propargylether-5H-ben-
zo[a]phenoxazin-5-one (10)
O
N
ON
O
Modified literature procedure:[28] A flame-dried 
Schlenk tube under Ar atmosphere was charged 
with alcohol 9 (100 mg, 298 μmol), DMF (dry, 
1.00 mL) and a magnetic stirring bar. K2CO3 (62.1 
mg, 450 μmol) was added and the mixture was 
stirred for 25 min before propargyl bromide (53.6 
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(984 μL, 6.25 mmol) and freshly distilled THF 
(20 mL). While stirring, Et3N (0.91 mL, 6.6 mmol) 
was added and the solution was cooled to -78 
°C before 2-bromoisobutyrylbromide (0.77 mL, 
6.6 mmol) was added in dropwise fashion with-
in 30 min. The reaction was left stirring at room 
temperature for 18 h. The precipitated Et3N salt 
was removed by filtration and the solution was 
concentrated under vacuum. The obtained white 
solid was redissolved in MeOH (10 mL) and pre-
cipitated into aqueous Na2CO3 solution (sat., 2 × 
300 mL). After removal of the solvent using a ro-
tary evaporator, the pure product was obtained 
as a white solid (1.14 g, 59%). 
1H NMR (400 MHz, CDCl3) δ: 7.23 (s, 1H, OC(O)
NH), 4.84 (s, 1H, HN(O)C(CH3)2Br), 3.37 (br. s, 4H, 
NHCH2CH2NH), 1.95 (s, 6H, C(CH3)2), 1.45 (s, 9H, 
C(CH3)3) ppm; 13C NMR (75 MHz, CDCl3) δ: 172.8 
(HNC(O)(CH3)2Br), 156.8 (OC(O)NH), 79.9 (C(CH3)3), 
61.8 (BrC(CH3)2), 41.8 (OC(O)NHCH2CH2NH), 39.8 
(OC(O)NHCH2CH2NH), 32.3 (2C, (CH3)2Br), 28.4 (3C, 
C(CH3)3Br); FT-IR νmax film: 3339 (νNH), 2971, 1692 
(νC=O), 1653, 1528, 1165, 620 cm-1; HRMS (ESI+) m/z 
calcd for C11H21N2O3Br [M+H]+ 309.08138, found 
309.08152.
α-(2-(tert-Butyloxycarbonyl-ethylenedi-
amine)isobutyryl)–polystyrene170 (13)
O
H
N
O
N
H
O
O
170
The same procedure was applied as for the 
synthesis of tert-BuOOC-PS225 (3). The following 
chemicals and amounts were utilised as stated: 
initiator 12 (50.0 mg, 0.162 mmol), CuBr (10.6 mg, 
73.9 µmol), PMDETA (15.4 µL, 73.9 µmol), styrene 
(6.52 mL, 56.8 mmol), anisole (2 × 0.50 mL) and 
1-phenyl-1-trimethylsiloxyethene (1.66 mL, 8.10 
mmol). Boc-protected aminoethyl-amido–PS 13 
was obtained as a white powder (2.38 g, 81%). 
1H NMR (400 MHz, CDCl3) δ: 7.25-6.62 (br. 
s, PS arom.), 5.91 (s, 1H, HN(O)C(CH3)2-PS), 3.01 
(br. s, 2H, NHCH2CH2NHC(O)C(CH3)2), 2.88 (br. s, 
2H, NHCH2CH2NHC(O)C(CH3)2), 2.25-1.28 (br. s, 
PS backbone), 1.43 (s, 9H, (CH3)3OC(O)NH), 0.91 
flame-dried Schlenk tube under Ar atmosphere. 
The stirring mixture was purged with argon for 3 
min before Cu(I)Br (1.26 mg, 4.48 μmol) and PM-
DETA (1.28 μL, 4.48 μmol) in freshly distilled THF (1 
mL) were added to the solution via a syringe. The 
mixture was degassed with argon for another 3 
min, and the Schlenk tube was transferred into 
a pre-heated oil bath at 40 °C. After stirring for 
16 h, the reaction was charged with additional 
CuBr (0.63 mg, 2.2 μmol) and PMDETA (0.60 μL, 
2.2 μmol) in freshly distilled THF (1.00 mL). The 
compounds were allowed to react for another 24 
h before the mixture was diluted with CH2Cl2 (10 
mL) and washed with aqueous EDTA (2 × 10 mL of 
65 mM). The merged water layers were extracted 
with CH2Cl2 (10 mL) whereupon the combined 
organic phases were dried over MgSO4. The solu-
tion was concentrated by rotary evaporation 
and the crude was purified by precipitation from 
CH2Cl2 (0.5 mL) in MeOH (4 mL). The precipitate 
was gathered using a syringe filter and after 
several washing steps with MeOH (3 × 1 mL) dis-
solved from the filter by flushing with CH2Cl2 (2 
mL). After evaporation of the organic solvent in 
vacuo, the product was finally acquired as a dark 
purple solid (5.00 mg, 50%). 
1H NMR (500 MHz, CDCl3) δ: 8.62 (d, J = 8.8 
Hz, 1H, NileRed), 7.78 (d, J = 2.7 Hz, 1H NileRed), 
7.64 (d, J = 9.1 Hz, 1H, NileRed), 7.49 (s, 1H, NileRed) 
7.34 (dd, J = 8.8, 2.8, 1H, NileRed), 7.24-6.35 (br. s, 
PS arom.), 4.93 (s, 2H, COCH2CN3), 3.67 (br. s, PEG 
backbone), 2.31-1.28 (br. s, PS backbone), 0.95 (s, 
6H, COC(CH3)2CH2) ppm; 13C NMR (75 MHz, CDCl3) 
δ: 145.1 (PS arom.), 128.0 (PS arom.), 125.4 (PS 
arom.), 70.2 (PEG backbone), 46.1-40.4 (PS back-
bone) ppm; FT-IR νmax film: 3074, 3025, 2922, 1874, 
1808, 1726 (νC=O), 1602, 1463, 1090, 1020, 955, 882, 
799, 698, 608 cm-1.
2-(tert-Butyloxycarbonyl-ethylenediamine)
isobutyrylbromide (12) 
O
H
N
O
N
H
O
Br
Modified literature procedure: a flame-dried 
Schlenk tube under Ar atmosphere was charged 
with tert-butyloxycarbonyl-ethylenediamine 
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H2N-polymer 15 (659 mg, 36.6 µmol) and α-bi-
otinyl–poly(ethylene glycol)66-ω-N-hydroxysuc-
cinimide (25 mg, 7.6 µmol) were dissolved in THF 
(dry, 10.0 mL) in a flame-dried Schlenk flask un-
der Ar atmosphere. Et3N (106 µL, 758 µmol) was 
injected and the mixture was stirred for 6 days 
while monitoring the reaction via 1H NMR spec-
troscopy. For workup, the solution was dried in 
vacuo, redissolved in CH2Cl2 (10 mL) and precip-
itated in MeOH (150 mL). The crude precipitate 
was collected by filtration and additionally pu-
rified by gradient column chromatography over 
silica gel (CH2Cl2:MeOH with 1% Et3N, 10:0 to 
8.5:1.5) to obtain biotin-polymer 15 as a slightly 
yellow solid (93 mg, 44%). 
RF = 0.47 (CH2Cl2:MeOH, 9:1); 1H NMR (400 
MHz, CDCl3) δ: 7.27-6.60, 4.50 (m, 1H, biotin CH), 
4.32 (m, 1H, biotin CH), 3.81 (m, 2H), 3.63 (br. s, PEG 
backbone), 3.55 (m, 2H, PEG CH2), 3.46 (m, 2H, PEG 
CH2), 3.42 (m, 2H, PEG CH2), 3.27 (m, 4H), 2.90 (br. 
s, 4H, C(O)NHCH2CH2NC(O)), 2.22 (dt, J = 7.2, 2.1 
Hz, 2H, SCHCH2CH2CH2) (br. s, PS backbone), 0.93 
(m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 145.3 (PS arom.), 127.7 (PS arom.), 125.6 
(PS arom.), 46.1-40.3 (PS backbone) ppm; FT-IR 
νmax film: 3025, 2922, 1947, 1869, 1805, 1671 (νC=O), 
1601, 1492, 1451, 1397, 1259, 1092, 1026, 800, 755, 
697 cm-1; SEC (THF): Mn = 11.6 × 103 g/mol, Mw/Mn 
= 1.25; MALDI-ToF MS (dithranol): m/z = 19 kDa.
6.6.4  |  Self-assembly preparation procedures
Preparation of polymersomes
Modified literature procedure:[17] a typical proce-
dure started with solubilising the required PEG–
PS polymers (10 mg in total) in a mixture of THF 
and dioxane (1.00 mL, 70:30 by vol%) in a glass 
vial containing a magnetic stirrer bar. The vial 
was closed with a rubber septum and the solu-
tion was stirred for at least 30 min. Self-assembly 
of the polymers was induced by the addition of 
MilliQ (3.00 mL) at a rate of 1.00 mL/h via a sy-
ringe pump, equipped with a steel needle, while 
vigorously stirring the mixture. Upon completed 
addition, the polymersome dispersion was dia-
lysed against MilliQ in a Spectra/Por membrane 
(molecular weight cut-off: 12,000-14,000 Da, flat 
(m, 6H, C(O)C(CH3)2CH2) ppm; 13C NMR (75 MHz, 
CDCl3) δ: 145.3 (PS arom.), 127.9 (PS arom.), 125.2 
(PS arom.), 46.1-40.4 (PS backbone), 39.9 (2C, C(O)
C(CH2)2Br) ppm; FT-IR νmax film: 3059, 3025, 2923, 
1947, 1873, 1805, 1683 (νC=O), 1668 (νC=O), 1600, 1492, 
1452, 1367, 1221, 908, 734, 698 cm-1; SEC (THF): Mn 
= 20.5 × 103 g/mol, Mw/Mn = 1.25; MALDI-ToF MS 
(dithranol): m/z = 17 kDa.
α-Aminoethyl-amido–polystyrene180 (14)
H2N N
H
O
O
170
Boc-protected amino-polystyrene 13 (2.20 g, 
0.122 mmol) was dissolved in CHCl3 (22 mL) and 
trifluoroacetic acid (TFA, 8.0 mL) was added in 
dropwise fashion. The solution instantaneously 
changed colour to orange, whereupon the stir-
ring reaction mixture was warmed till 40 °C for 
2 h. The solvents were removed under reduced 
pressure and the remaining solid was redissolved 
in CH2Cl2 (100 mL) and extracted with aqueous 
NaOH (3 × 50 mL of 1.0 M solution). The organic 
phase was dried over MgSO4, concentrated till 10 
mL and precipitated in MeOH (200 mL). Finally, 
the white solid amino-PS 14 was collected by fil-
tration (1.90 g, 86%). 
1H NMR (400 MHz, CDCl3) δ: 7.23-6.58 (br. s, 
PS arom.), 3.09 (br. s, 2H, NH2CH2CH2NHC(O)), 2.90 
(br. s, 2H, NHCH2CH2NHC(O)), 2.25-1.28 (br. s, PS 
backbone), 0.91 (m, 6H, C(O)C(CH3)2CH2) ppm; 13C 
NMR (75 MHz, CDCl3) δ: 145.4 (PS arom.), 127.6 (PS 
arom.), 125.6 (PS arom.), 46.1-40.4 (PS backbone) 
ppm; FT-IR νmax film: 3059, 3025, 2922, 1943, 1874, 
1805, 1675 (νC=O), 1600, 1492, 1452, 1368, 1181, 908, 
732, 697 cm-1; SEC (THF): Mn = 20.5 × 103 g/mol, Mw/
Mn = 1.23; MALDI-ToF MS (dithranol): m/z = 17 kDa.
Biotin–poly(ethylene glycol)66-b-polysty-
rene180 (15)
H
N N
H
O
O
170
O
O
N
H 66
S
NHHN
O
H H O
4
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– were resuspended in MilliQ and combined to 
one cloudy solution. The obtained constructs 
were observed with TEM and cryo-TEM.
 
6.6.5  |  Difunctionalisation of N3-exposing vesicles 
by reduction
The N3-polymersomes and N3-stomatocytes were 
treated simultaneously, using the exact same 
procedure. A typical difunctionalisation proce-
dure commenced with transferring a pre-set 
amount of polymeric vesicles (2395 µL containing 
4.00 mg polymer, 39 nmol available N3-moieties) 
from the stock solution to a small test tube. The 
dispersion was charged with NaOH (25 µL of 1.0 
M) and aqueous tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP, 100 µL of 19 mM, 1.9 µmol), 
and the tube was agitated at room temperature 
for 3, 6, 9 or 12 h. For workup, the TCEP was quick-
ly removed by filtration over a 200 nm pore size 
filter using a mini-extruder set, followed by three 
washing steps with MilliQ (3 × 2.5 mL). All experi-
ments were performed in triplicate. 
6.6.6  |  Verification of degree of positional difunc-
tionalisation using fluorescence spectroscopy
Disassembly of difunctionalised vesicles
The difunctional vesicles were disassembled 
prior to labelling of the azides and amines with 
dansyl and NileRed, respectively. In order to de-
struct the self-assemblies, CH2Cl2 (1.5 mL) was 
added to the aqueous vesicle suspension (2.5 
mL) together with aqueous NaCl (sat., 200 µL), 
and the two-layer system was vigorously shaken 
by hand. The two phases were then separated via 
manual centrifugation, and the organic solution 
was collected with a Pasteur pipette and dried 
over MgSO4. The solvent was removed by rotary 
evaporation and the remaining solid was dried 
under high vacuum.
Dansyl-labelling of the difunctionalised, dis-
assembled polymer samples
Each solid polymer mixture, obtained after dis-
assembly of the difunctionalised vesicles, was 
first treated with dansylchloride. Hereto, the 
polymers were dissolved in CH2Cl2 (dry, 0.13 mg, 
with 25 mm) for 24 h to remove the residual or-
ganic solvents. All resulting cloudy solutions 
were analysed by light scattering techniques 
and electron microscopy (EM). Finally, several 
batches of polymeric vesicles were combined 
into large stock solution and diluted with MilliQ 
to yield a 1.67 mg/mL (polymer/MilliQ) solution
Preparation of stomatocytes with an opening 
of ~150 nm
Modified literature procedure:[16] first, PEG44-b-
PS280 (20.0 mg) was dissolved in a mixture of THF 
and dioxane (2.00 mL, 60:40 by vol%) in a glass 
vial equipped with a magnetic stirrer bar. The vial 
was capped with a rubber septum and the solu-
tion was stirred for 30 min at room temperature. 
While the mixture was stirred vigorously, 2.00 mL 
pure water was added via a syringe pump with 
a delivery rate of 1.00 mL/h. After the addition 
of 0.4 mL of water, the solution turned cloudy. 
Upon completion of the addition, the suspen-
sion was transferred into a dialysis membrane 
(Spectra/Por, molecular weight cut-off: 12,000-
14,000 Da, flat width) which was swollen in MilliQ 
for at least 2 h. The vesicles were dialysed against 
ultrapure water (700 mL) for 24 h with a frequent 
replenishment of the medium starting after 1 h. 
After dialysis, the resulting suspension was anal-
ysed by light scattering techniques and EM. Sam-
ples containing stomatocytes with a comparable 
opening were combined into one large stock 
solution and diluted with MilliQ to obtain a 1.67 
mg/mL (polymer/MilliQ) solution.
Preparation of stomatocytes with an opening 
of < 5 nm
Stomatocytes with a minimal opening were pre-
pared according to the procedure described for 
normal stomatocyte formation. In order to obtain 
virtually closed constructs, the ratio THF-to-diox-
ane was modified to 90:10 by vol% while pre-
serving the total volume. This ratio of organic 
solvents effected the formation of many small (< 
50 nm in diameter) vesicles, which were removed 
by centrifugation (7,000 rpm, 2 × 7 min) in Eppen-
dorf tubes. The supernatant was pipetted off and 
the pellets – containing the bigger constructs 
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precipitation in MeOH (3.0 mL). The precipitate 
was collected on an Ultrafree Durapore syringe 
filter (PVDF, 0.20 µm), washed with MeOH (2 × 1.0 
mL) and subsequently removed from the filter by 
flushing with CH2Cl2 (1.5 mL). 
The polymers were dried, weighed and an-
alysed with fluorescence spectroscopy according 
to the above-mentioned procedures for the dan-
syl-labelling, using λex: 525 nm and λem ranging 
from 525 to 750 nm. 
Preparation of calibration curves
To determine the degree of dansyl- and NileRed-
labelling of the disassembled vesicles – thus the 
degrees of reduction on the surface of the poly-
meric vesicles – the obtained fluorescent inten-
sities were compared with the accompanying 
calibration curve. 
Calibration curve of dansyl–PEG-b-PS 8
Solutions of 2.00, 1.50, 1.00, 0.750, 0.500, 0.250, 
0.125 and 0.0625 μM of dansyl-labelled polymer 
8 in dioxane (2.00 mL) were prepared. The fluo-
rescent signal was recorded at λex: 345 nm and λem 
ranging from 345 to 650 nm. The average max-
imum intensity at λem: 479 nm of two dilution 
series was plotted against the concentration to 
obtain the calibration curve shown in Figure 6.9.
Calibration curve of NileRed–PEG-b-PS 11
0.48 µmol) and Et3N (2.0 µL, 14 µmol) was added 
to it. The mixture was agitated in the dark for 2 h, 
whereupon the organic solvent was removed by 
evaporation. The crude product was redissolved 
in CH2Cl2 (0.5 mL) and precipitated in MeOH (3.0 
mL). The precipitate was collected on an Ultrafree 
Durapore syringe filter (PVDF, 0.20 µm), washed 
with MeOH (2 × 1.0 mL) and subsequently re-
moved from the filter by flushing with CH2Cl2 (1.5 
mL). The polymer-containing solution was col-
lected in a 1.5 mL glass vial and the solvent was 
evaporated under a stream of N2. 
The resulting solid was securely dried under 
high vacuum before the weight was quantified 
with a Sartorius Supermicro S4 microgram bal-
ance. Subsequently, the product was dissolved in 
dioxane (2.00 mL) and the fluorescence intensity 
was measured in a quartz cuvette (10.0 mm path 
length) with λex: 345 nm and λem ranging from 345 
to 650 nm. All measured fluorescence intensities 
were normalised in respect to the determined 
dry weight of the polymer material. 
NileRed-labelling of the difunctionalised, dis-
assembled polymer samples 
The dansyl-labelled polymer samples in dioxane, 
collected after fluorescence spectroscopy anal-
ysis, were dried by rotary evaporation and high 
vacuum. The unreduced azide groups were sub-
sequently reacted with NileRed derivative 11 via 
a copper-mediated azide–alkyne cycloaddition 
reaction in a glove box under Ar atmosphere. To 
this end, compound 11 (0.50 mL of 1.6 µM) in de-
oxygenised THF was added to the solid polymer 
mixture, followed by an injection of CuBr (0.25 
mL of 10 nM) and PMDETA (0.25 mL of 10 nM) in 
THF. The mixtures were shortly shaken by hand 
and left standing for 16 h in the dark. The reac-
tion mixtures were removed from the glove box 
and the solvent was evaporated in vacuo. The 
crude solid was redissolved in CH2Cl2 (0.8 mL) 
and washed with aqueous EDTA (1.0 mL of 65 
mM). The separated water phase was once more 
extracted with CH2Cl2 (0.5 mL) and the merged 
organic layers were dried over MgSO4. After con-
centrating the polymer solution to 0.3 mL, the 
product was purified from unreacted NileRed by 
Figure 6.9  |  The maximum fluorescence inten-
sity of dansyl-polymer 8 at 479 nm was plotted 
against the concentration to result in a calibra-
tion curve.
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Solutions of 0.500, 0.375, 0.250, 0.188, 0.0625 and 
0.0313 μM of NileRed-functionalised polymer 11 
in dioxane (2.00 mL) were prepared. The sam-
ples were excited at λex: 525 nm and the emission 
spectra were recorded at λem ranging from 525 to 
750 nm. The average maximum intensity at λem: 
570 nm of two prepared dilution series was aver-
aged plotted against the concentration, of which 
the resulting calibration curve is depicted in Fig-
ure 6.10.
Figure 6.10  |  A calibration curve of NileRed-pol-
ymer 11 was generated by plotting its maximum 
fluorescence intensity at 570 nm against the con-
centration. 
6.6.7  |  Verification of degree of positional difunc-
tionalisation using zeta potential analysis
Reversed engineering of stomatocytes into 
polymersomes
Modified literature procedure:[15] A dispersion of 
the reduced stomatocyte solution (100 µL) was 
added to a Spectra/Por membrane (molecular 
weight cut-off: 12,000-14,000 Da, flat with 10 
mm), which was swollen in MilliQ/(THF:dioxane) 
(70 mL, 50/50(75:25) in volume ratio) for 1 h. The 
suspension was dialysed in a fresh mixture of 
MilliQ/(THF:dioxane) (300 mL, 50/50(75:25), vol%) 
for 24 h, whereupon the developed vesicular 
morphology was quenched by the addition of 
MilliQ (400 µL). The resulting cloudy solution was 
analysed with TEM and zeta potential measure-
ments.
6.6.8  |  Verification of degree of positional difunc-
tionalisation of biotin-polymersomes using elec-
tron microscopy
Preparation of biotin-functionalised polym-
ersomes
Biotin-functionalised polymersomes were pre-
pared according to previously described proce-
dure, starting from a polymer mixture of PEG44-
b-PS185 2 (9.0 mg) and biotin–PEG66-b-PS180 15 (1.0 
mg).
Au NP labelling of biotin-polymersomes
Biotin-exposing polymersomes (100 µL of 2.0 
mg/mL) in MilliQ were diluted with phosphate 
buffer (33 µL of 80 mM, pH 7.8) to yield a 20 mM 
phosphate concentration. The solution was 
cooled to 4 °C and streptavidin (20 µL of 10 µM) 
in phosphate buffer (20 mM, pH 7.8) was added. 
After shaking the mixture shortly, the vial was 
placed in the fridge at 4 °C for 16 h. The unbound 
streptavidin was removed by dialysis against 
phosphate buffer (20 mM, pH 7.8) at 4 °C using 
an Amicon UltraFree-MC Eppendorf filter with a 
cut-off of 220 nm. The polymersome solution 
was concentrated by centrifugation (3,000 rpm, 
3 min) at 4 °C and replenished with phosphate 
buffer. After performing three washing steps, the 
streptavidin-biotin polymersomes were resus-
pended in phosphate buffer (100 µL) and Cytodi-
agnostics biotin-functionalised Au-nanoparticles 
(NP) (10 nm in diameter, 3.0 µL) were added to 
it. The red dispersion was mixed by hand and 
placed in the fridge at 4 °C for 16 h. The resulting 
constructs was analysed on colour by spinning 
down the polymersomes into a pellet (8,000 
rpm, 2 min), and by TEM. To this end, an EM grid 
was placed on a drop of the suspension for 15 
min, whereupon the grid was washed with Mil-
liQ (2 × 10 µL) to remove the excess of unbound 
Au-nanoparticles. 
As a negative control, the above described 
procedure was reproduced omitting the strepta-
vidin incubation step. As a positive control, bio-
tin-polymersomes (100 µL of 2.0 mg/mL in MilliQ, 
diluted with 33 µL phosphate buffer), were treat-
ed with Nanocs streptavidin-functionalised Au 
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Spontaneous shape changes in 
polymersomes via polymer/poly-
mer segregation
We can observe phase separation eve-
rywhere around us; oil does not mix with 
water and a plastic coffee cup does not dis-
solve in its hot contents. In fact, phase sepa-
ration is one of the pillars of life. Without this 
phenomenon, cellular membranes would 
never exist and therefore could not confine 
and protect the many fragile chemical and 
biological processes that are necessary for 
survival. Also within this phospholipid bi-
layer, domain formation occurs as result of 
lipid/lipid segregation, which is of extreme 
importance for several fundamental pro-
cesses. To improve the understanding about 
how and why domains are formed within 
the cellular bilayer, liposomes have been 
studied as model system by many scientists. 
Polymersomes are able to undergo similar 
phase separation processes when consist-
ing of more than one type of amphiphile. 
The structural organisation of polymeric 
vesicles resembles the configuration of lipid 
membranes yet they are much tougher and 
therefore easier to work with.
We report here spontaneous shape 
changes in polymersomes as result of phase 
separation between two cooperatively as-
sembled diblock copolymers with different 
hydrophilic blocks and similar hydropho-
bic segments. Evidence for spontaneous, 
curvature-driven molecular demixing of the 
distinct polymeric amphiphiles came from 
dynamic light scattering analysis, electron 
microscopy and a newly developed fluoro-
phore/quencher system.
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gating amphiphiles[17, 18] or by addition of a 
stimulus, e.g. polyvalent cations to a mixture 
of anionic and neutral block copolymers.[19, 
20] Nonetheless, many of the promising ap-
plications of polymeric vesicles, such as 
in nanoreactors or drug delivery vehicles, 
desire dimensions at the nanoscale.[21] Be-
sides a few well-performed studies report-
ing domain formation in nanometre-sized 
constructs,[18, 22, 23] not much is known about 
this intriguing phenomenon at the na-
noscale as the characterization of it remains 
a challenge to date. Given the vast amount 
of possible block copolymers that can be 
cooperatively self-assembled into hybrid 
aggregates, many more interesting materi-
als can be generated once inter-membrane 
phase separation becomes well-character-
ised and understood.
In this chapter, we report spontane-
ous shape changes in nanoscaled polymer-
somes that were fabricated by cooperative 
assembly of two distinct types of block co-
polymers. The thermodynamically favoured 
transformation from spherical vesicles to 
stomatocyte-like structures was facilitated 
by polymer/polymer separation within the 
bilayered membrane. To achieve this, poly-
meric amphiphiles were synthesised with 
different hydrophilic blocks that intrinsically 
form aggregates of dissimilar curvatures, 
while the hydrophobic segments were iden-
tical (AC/BC diblock copolymer system, Fig-
ure 7.1).[24] Effects of repulsion between the 
hydrophilic corona-forming parts within the 
binary constructs for various blending ratios 
were investigated with light scattering and 
electron microscopy. To additionally cor-
roborate domain formation, a novel fluores-
cence/quencher system was employed; one 
of the block copolymers was equipped with 
In nature, several fundamental cellular 
processes are dependent on the establish-
ment of nanometre- and micrometre-sized 
surface domains within the phospholipid-
based membrane. Cell-cell recognition is of-
ten accompanied by the formation of recep-
tor clusters at the intercellular junction,[1-5] 
and spontaneous lateral segregation of li-
pids such as sphingolipids and cholesterol[6, 
7] into rafts forms a platform for processes 
like endocytosis[8] and signal regulation in 
immune cells.[9, 10] To elucidate the molecu-
lar basis and role of lipid surface domains in 
cellular processes, giant unilamellar vesicles 
(GUV, 10-100 µm) have been widely studied 
as a model system.[11, 12] Due to the large aver-
age diameter of these giant liposomes, the 
phase separation of different lipid mixtures 
– usually as result of mismatch between the 
phospholipid chains – can be readily stud-
ied by optical microscopy. With GUVs it was 
shown that raft formation in some cases 
leads to local membrane curvature at the 
domain boundaries[13] or to complete shape 
deformation.[14]
Polymeric vesicles, known as polym-
ersomes, are the more robust analogues 
to liposomes; they are composed of high 
molecular weight amphiphilic block co-
polymers instead of low molecular weight 
phospholipids and therefore consist of a 
membrane exhibiting superior physical and 
chemical stability.[15, 16] Despite this tough-
ness, polymersomes are capable of domain 
formation too when two or more distinct 
block copolymers are blended within one 
membrane. Polymer/polymer separation 
has been repeatedly visualised in giant ag-
gregates using either spontaneously segre-
7.1  |  Introduction
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polyanionic poly(acrylic acid) (PAA) were 
elected. PEG-b-PBD amphiphiles are known 
to self-assemble into well-defined vesicu-
lar bilayers providing that the block length 
ratio is appropriately balanced,[15] whereas 
the by nature electrostatically repelling PAA 
in PAA-b-PBD provokes high membrane 
curvature and thus micelle formation.[27] To 
stimulate cooperative self-assembly of the 
two distinct amphiphiles into hybrid polym-
ersomes, their PBD block lengths were de-
signed to be the same. This specific design 
simultaneously rules out the possibility of 
phase separation as result of a mismatch be-
tween differing hydrophobic block lengths.
[18] The hydrophilic fraction (f) of both co-
polymers was aimed at 30 < f > 40 wt% to 
promote the formation of vesicles instead of 
undesired micelles or worm-like micelles.[15] 
To manufacture PEG–PBD and PAA–
PBD with exact similar PBD polymers, the 
hydrophilic blocks and hydrophobic seg-
ment were individually synthesised and 
subsequently combined using the Cu(I)-me-
diated Huisgen cycloaddition reaction.[28-30] 
This so-called “click” reaction was selected 
as conjugation tool since the accompany-
ing azide- and acetylene handles are stable 
a fluorescent moiety, while the concomitant 
polymer was modified with a fluorescence 
quencher.[25] Equal distribution of the two 
polymers within the vesicular membrane 
would result in maximal decrease of the 
fluorescence intensity, whereas lateral poly-
mer/polymer separation leads to only par-
tial quenching at the edges of the patches. 
7.2  |  Results and discussion
7.2.1  |  Polymer synthesis and characteri-
sation
To accomplish corona-driven polymer/
polymer segregation within the same ve-
sicular membrane, 1,2-polybutadiene (PBD) 
was selected as the hydrophobic segment. 
The glass transition temperature (Tg) of 
PBD is well below 0 °C, thus when conju-
gated to a suitable water-soluble polymer, 
the resulting polymersome bilayer will re-
main sufficiently flexible to allow (lateral) 
migration of the polymers post-assembly 
to achieve the most thermodynamically 
favoured conformation.[26] To complete our 
AC/BC-type diblock copolymer system, the 
neutral poly(ethylene glycol) (PEG) and 
Figure 7.1  |  Schematic representation of corona-driven polymer/polymer separation in a polymeric 
bilayer composed of two distinct block copolymers that intrinsically self-assemble into aggregates with 
dissimilar curvature.
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droxyl-group with methane sulfonyl chlo-
ride (Scheme 7.1). Subsequent introduction 
of the azido-moiety by a straightforward 
substitution reaction yielded MeO-PEG44-N3 
2 in good yield. Block copolymer PEG44-
b-PBD 3 was obtained by reacting com-
pounds 1 and 2 in the presence of Cu(I) and 
ligand N,N,N’,N”,N”-pentamethyldiethylen-
etriamine (PMDETA) in deoxygenised THF 
under Ar atmosphere. The moderate yield 
of 39% can be explained by an incomplete 
reaction, as well as a rather troublesome 
removal of unreacted homopolymers – in-
cluding the alternatively terminated PBD 
– with column chromatography over silica 
gel. 
For facile functionalisation of PAA-b-
PBD with a fluorophore to develop the pre-
viously proposed fluorescence/quencher 
system, the block copolymer was designed 
with a terminal amine; primary H2N-moie-
ties are able to react highly efficiently with 
among others carboxylic acids, isothiocy-
anates and succinimidyl esters.[32] For this 
and rather facile to introduce as end groups 
on the different polymers.[31] Polybutadi-
ene was embellished with an acetylene by 
quenching the anionic polymerisation reac-
tion of 1,3-butadiene starting from initiator 
n-butyllithium (Scheme 7.1). The synthesis 
of PBD was performed in dry THF under ni-
trogen atmosphere and upon consumption 
of all monomers, 3-bromo-1-(trimethylsilyl)-
1-propyne was added to terminate the 
chains. After removal of the trimethylsilyl 
group with tetrabutylammonium fluoride 
(TBAF), PBD–acetylene 1 was obtained with 
an average degree of polymerisation (DPn) 
determined at 110 with a narrow size dis-
tribution (polydispersity index (PDI) of 1.05; 
Table 7.1). According to size exclusion chro-
matography (SEC), about 25% of the prod-
uct consisted of polymers with a doubled 
molecular weight, probably as result of an 
alternative termination reaction.
In order to conjugate PEG to PBD 1, 
α-methoxy–PEG44–hydroxide was function-
alised with an azide via activation of the hy-
110
MeO O OH44
MeO O N44
N N
110
Li
THF, -78 to -50 °C 
N2 atm., 2 h
1.
2.
Br Si
3. TBAF, 16 h
-35 °C to rt, 2 h 1      58%
1. MeSO2Cl, Et3N
    CH2Cl2, N2 atm., 16 h
2. NaN3, DMF, 16 h
MeO O N344
2      73%
CuBr, PMDETA 
THF, 40 °C 
Ar atm., 7 d
3     39%
Scheme 7.1  |  PEG-b-PBD 3 was synthesised via a Cu(I)-mediated azide-alkyne cycloaddition reaction of 
the separately prepared PBD–acetylene 1 and PEG-N3 2.
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was estimated at 40 using proton nuclear 
magnetic resonance (1H NMR) and matrix-
assisted laser desorption/ionisation mass 
spectrometry (MALDI-ToF) analysis with a 
low PDI (1.13) according to SEC. The termi-
nal bromide of Boc-PtBA40 5 was efficiently 
converted with sodium azide to synthesise 
BocNH-PtBA-N3 6.  Homopolymer 6 was 
coupled to PBD–acetylene under the influ-
ence of CuBr/PMDETA in THF at elevated 
temperatures, followed by hydrolysis of the 
PtBA of BocNH-PtBA40-b-PBD110 7 with TFA 
and little H2O in CH2Cl2. We explicitly chose 
this reaction order because it would have 
been unnecessarily challenging to dissolve 
deprotected PAA-N3 and PBD 1 together in 
one pot. In addition, the diblock copolymer 
was not purified from uncoupled PBD and 
purpose, tert-butyloxycarbonyl(Boc)-ethyl-
enediamine was transformed into polymeri-
sation initiator 4 upon reaction with 2-bro-
moisobutyrylbromide (Scheme 7.2). The 
substitution of the bromide for an amine 
was executed at -20 °C in a virtually stoichio-
metric ratio to prevent difunctionalisation 
of the amino-compound. The moderate 
yield of compound 4 can be explained by 
significant product loss during extensive 
purification steps to obtain a highly pure 
initiator. 
Next, atom transfer radical polymeri-
sation (ATRP) of tert-butylacrylate was per-
formed, starting from Boc-protected initia-
tor 4 using the catalyst/ligand couple Cu(I)
Br/PMDETA in anisole at 60 °C. The DPn of 
the ensuing poly(tert-butylacrylate) 5 (PtBA) 
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H
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O O
CuBr, PMDETA
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Ar atm., 3 h4     59%
5     42%
NaN3
DMF, 45 °C
72 d
6     91%
PBD-acetylene 1
CuBr, PMDETA
THF, 55 °C
Ar atm., 7 d 7     n/a
TFA, H2O
CH2Cl2, 16 h
8     40%
Scheme 7.2  |  Synthesis of H2N-PAA40-b-PBD110 (8) through ligation of PBD–acetylene 1 to PtBA-N3 (6), 
which was synthesised by ATRP from Boc-protected initiator 4. 
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started with the fabrication of control sam-
ples by self-assembling either pure PEG-b-
PBD or pure PAA-b-PBD. PEG-b-PBD could 
be immediately dissolved in tetrahydro-
furan (THF, 1 wt% polymer solution) prior to 
dropwise injection into ultrapure water (25 
vol% organic solvent), while PAA-b-PBD had 
to be soaked in a minimum of N,N-dimeth-
ylformamide (DMF) before it could be solu-
bilised in THF and precipitated in MilliQ, the 
so-called kinetic and fast assembly method. 
The turbid dispersions were allowed to 
stand without perturbation for 30 minutes 
before the organic solvents were removed 
through dialysis against a large excess of 
water. Judging on the difference in cloudi-
ness of the two dispersions, it was clear that 
PEG-b-PBD self-assembled into larger ag-
gregates than PAA-b-PBD. This observation 
was confirmed by dynamic light scattering 
(DLS) analysis; the centre of the intensity-
average size distribution of pure PEG–PBD 
PAA until the hydrolysis step to produce 
H2N-PAA-b-PBD 8. Via this strategy, the 
homopolymers could be easily removed 
based on a tremendous difference in po-
larity, thus by dissolving unreacted PBD in 
toluene and uncoupled PAA in water.[33]  
7.2.2  |  Preparation of polymersomes
Polymersomes based on PBD can be pre-
pared via several procedures, such as the 
“rehydration method”[34] and the “co-solvent 
method”.[35] As our aim is to study polymer/
polymer separation in polymersomes with 
dimensions at the nanoscale, the co-sol-
vent method was selected. Hereto, poly-
mers were dissolved in a – typically organic 
– solvent with good solubility properties 
for both blocks. This polymer solution was 
subsequently diluted with a non-solvent for 
one of the blocks – usually water – to induce 
hydrophobicity-driven self-assembly. We 
Entry PDI (SEC)a
Mw/Mn
m/z (MALDI)b
(103 Da)
DPn 
(MALDI)c
DPn 
(1H NMR)d
DPn 
estimatede
PBD110–acetylene  (1) 1.05 5.8 106 108 110
MeO-PEG44-N3 (2) 1.13 2.143 44 44 44
MeO-PEG44-b-PBD110 (3) 1.07 8.4 44, 114f 44, 118 44, 110
BocNH-PtBA40-Br (5) 1.13 4.9 36 54 40
BocNH-PtBA40-N3 (6) 1.10 4.9 36 54 40
H2N-PAA40-b-PBD110 (8) n/a n/a n/a 44, 105 40, 110
Fl–PAA40-b-PBD110 (9) n/a 8.7 36, 110 45, 112 40, 110
DNB–PEG35-N3 (10) 1.00 1.815 35 35 35
DNB–PEG35-b-PBD110 (11) 1.05 7.6 35, 106 35, 110 35, 110
aThe PDI was calculated by the quotient of Mw and Mn obtained by SEC measurements; bMolecular 
weights determined with MALDI-ToF mass spectrometry; cCalculated number average degree of poly-
merisation of PEG, PtBA/PAA and PBD derived from the molecular weight obtained by MALDI-ToF anal-
ysis; dCalculated number average degree of polymerisation of PEG, PtBA/PAA and PBD derived from 1H 
NMR spectra; eThe DPn derived from MALDI-ToF and 1H NMR analysis were combined into an estimated 
DPn, which was rounded up to five; fWhen two numbers are given in one cell, their order corresponds 
to the given order of the accompanying block copolymer segments.
Table 7.1  |  Molecular characteristics of the polymers 1-3, 5-6 and 8-11. 
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7.2.3  |  Phase separation verified by cryo-
TEM
An important technique to directly visual-
ise polymer self-assemblies is transmission 
electron microscopy (TEM), however, PBD 
based materials require examination in a 
cryogenic state to protect the constructs 
from damage by the high-energy electron 
beam and drying artefacts.[38] First, the un-
blended PEG-b-PBD and PAA-b-PBD sam-
ples were analysed by cryo-TEM, of which 
the micrographs are depicted in Figure 7.3. 
As anticipated, PEG–PBD self-assembled 
into vesicles with a well-defined bilayered 
membrane of 17.8 nm in thickness (n = 50), 
whereas PAA–PBD predominantly formed 
micelles.
Next, the hybrid constructs composed 
of PAA-b-PBD:PEG-b-PBD with a molar ratio 
of 25:75 were examined with cryo-TEM. In-
stead of the expected conventional spheri-
cal vesicles, we found bilayered assemblies 
of which the membrane was spontaneously 
polymersomes lay around 248 nm, and of 
pure PAA–PBD constructs around 84.2 nm 
(Figure 7.2). The difference in hydrodynamic 
diameter can be attributed to a major differ-
ence in charge, and thus repulsion, of the 
corona chains; as the multiply charged PAA 
segments repel each other in MilliQ, they fa-
vour the formation of small constructs such 
as micelles to maximise the surface area.[36]
To investigate the effect of co-assem-
bly of PAA-b-PBD and PEG-b-PBD on the 
resulting aggregates, a range of polymer 
mixtures with increasing amounts of PAA–
PBD – using ratios of 10:90, 25:75 and 50:50 
mol%, respectively – were dissolved in THF 
(1 wt% polymer). The organic polymer solu-
tions were each added to MilliQ in dropwise 
fashion and in all three cases direct appear-
ance of turbidity was observed, with the 
10:90 sample creating the most cloudy dis-
persion. This observation was once more in 
agreement with the DLS results; the average 
diameter of constructs consisting of PAA–
PBD:PEG–PBD with molar ratios of 10:90, 
25:75 and 50:50 was determined to be 207, 
175 and 114 nm, respectively (Figure 7.2). 
In summary, the higher the amount of 
PAA-b-PBD mixed in, the smaller the meas-
ured intensity-average size distribution. 
This is in accordance with the previously 
discussed hydrodynamic diameters of the 
unblended aggregates. Since all blending 
experiments showed up as one population 
in DLS measurements, we interpret that 
the shrinkage in size can be ascribed to 
actual co-aggregation of the two different 
polymers into the same construct.[37] Thus in 
each sample, the hydrophobic interactions 
between the PBD of the two polymers was 
strong enough to overcome the repulsion 
of the different corona-forming blocks.
Figure 7.2  |  DLS analysis of the average hydro-
dynamic diameter of assemblies composed of 
PAA-b-PBD:PEG-b-PBD with ratios of 0:100, 10:90, 
25:75, 50:50 or 100:0 mol% showed an average 
size distribution of 248 nm, 207 nm, 175 nm, 114 
nm or 84.2 nm, respectively.  
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den fixation of the membrane.
Spontaneous stomatocyte formation 
in the 25 mol% PAA–PBD self-assemblies 
was observed right after self-assembly and 
the structures remained unaltered over a 
substantial period of time (> 3 months). This 
indicates that 1) the inwards budded mem-
brane is thermodynamically favoured, oth-
erwise the spherical vesicular shape would 
be restored in time, and 2) breakage of the 
membrane accompanied with a micelle 
pinching off is not energetically favoured as 
result of strong hydrophobic interaction be-
tween the PBD blocks. Contrary to this latter 
conclusion, curvature-driven molecular de-
mixing and breaking has been observed in 
polymeric worm-like micelles.[19] Nonethe-
less, the hydrophilic fraction in the worm-
to-sphere transitions was much larger (0.5 < 
f > 0.82), thus the hydrophobic interactions 
were significantly weaker compared to our 
system (f: ~0.3). 
To strengthen our theory of spon-
taneous polymer/polymer segregation, 
PAA-b-PBD and PEG-b-PBD were also self-
budded inwards (Figure 7.4a). This phe-
nomenon has previously been observed in 
multicomponent GUV[14], but has to the best 
of our knowledge never been reported for 
polymersomes. The average thickness of 
the inwards folded part of the membrane 
of the assemblies depicted in Figure 7.4a 
was determined as 35.1 nm (n = 30), which 
is virtually twice the thickness of a normal 
membrane. We hypothesise that the ori-
gin of the additional membrane folding is 
caused by the 25 mol% of PAA-PBD present 
within the polymersomes; PAA demands 
a much higher membrane curvature than 
PEG, so it is plausible that the more strained 
bilayer segments contain high concentra-
tions of PAA-b-PBD (Figure 7.1). A compara-
ble polymersome morphology, which has 
been called polymersome stomatocytes, 
has been created before. [39, 40] Nevertheless, 
these reported constructs are obtained via 
a completely different methodology, which 
was induced by appliance of an osmotic 
pressure difference between in and outside 
the vesicles and  kinetic entrapped by sud-
Figure 7.3  |  Cryo-TEM images of assemblies constituted of a) PEG-b-PBD or b) PAA-b-PBD.
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blended aggregates. Cryo-TEM analysis (Fig-
ure 7.4b) of the resulting dispersion indeed 
demonstrated the generation of micelles 
(PAA-b-PBD) and large spherical polymer-
somes (PEG-b-PBD), but also stomatocytes 
(mixture of two polymers). Finally, cryo-TEM 
images of the previously described 10:90 
mol% assemblies show predominantly pol-
ymersomes without additional membrane 
assembled via a more thermodynamic ap-
proach. Hereto, the two polymers (25 mol% 
PAA–PBD) in THF were stirred while water 
was slowly added with a syringe pump 
(1.00 mL/h) to give the amphiphiles time to 
properly arrange. It was expected that PAA-
b-PBD and PEG-b-PBD have different cloud 
points, which effectuates the creation of 
both hybrid polymersomes as well as un-
Figure 7.4  |  Cryo-TEM micrographs of vesicles constructed of PEG-b-PBD with 25 mol% PAA-b-PBD 
self-assembled by a) fast nano-precipitation or b) a more thermodynamic, slow procedure. The images 
shown in the two lower panels depict vesicles of PEG-b-PBD with c) 10 mol% PAA-b-PBD and d) 25% 
mol% PAA-b-PBD treated with 0.25 mM CuSO4 solution at pH 4 to induce a shape transformation.
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phology. Re-inflation of the membrane took 
several weeks, which is remarkably slow in 
relation to the instantaneous formation of 
the stomatocyte-like structure upon self-as-
sembly of PEG–PBD and PAA–PBD. Howev-
er, similar coarsening kinetics of more than 
a month have been reported in literature for 
domains in nano-sized polymeric vesicles.
[18] It is likely that the presence of THF, which 
behaves as a plasticise[40] during the coop-
erative assembly of PEG–PBD and PAA–PBD, 
produces enough membrane flexibility to 
allow instantaneous curvature-driven poly-
mer/polymer segregation into the observed 
stomatocyte structures. 
7.2.4  |  Phase separation verified by fluo-
rescence spectroscopy
Fluorescence microscopy is a suitable visu-
alisation technique to observe domain for-
mation at the microscale.[26, 41, 42] However, 
despite the effort to narrow down the dif-
fraction resolution limit with relatively new 
developments such as stimulated emission 
depletion (STED) microscopy,[43] most sam-
ples at the nanoscale still suffer from a lack 
of meaningful contrast. 
budding (Figure 7.4c). Apparently, 10 mol% 
PAA-b-PBD was enough to slightly reduce 
the aggregates’ diameter , but insufficient 
to induce actual curvature-driven phase 
separation.
Anionic polymers within the mem-
brane of giant polymersomes have been 
previously crosslinked by multivalent cati-
ons such as Ca2+ and Cu2+ to induce domain 
formation.[26]  We hypothesised that the ad-
dition of Cu2+ ions, which bind more strong-
ly to PAA than Ca2+, might have an influence 
on our 25:75 mol% constructs. A CuSO4 so-
lution was mixed with the stomatocytes to 
yield a 0.25 mM copper concentration at pH 
4.0. Cryo-TEM studies revealed that the in-
wards folded membrane disappeared over 
the course of several weeks. Figure 7.4d 
shows polymersomes incubated with cop-
per ions for 24 days; all the vesicles are prac-
tically spherical again, with a slightly thick-
ened membrane on one side. The binding 
of the added cations probably neutralised 
the multiple negative charges on the PAA 
segments. This process caused a decrease 
in corona repulsion and therefore release of 
the established high membrane curvature, 
which was followed by a change in mor-
Figure 7.5  |  Illustration of the method of domain visualisation with fluorescence spectroscopy. A fluo-
rescein functionalised polymer (Fl–PAA–PBD) was co-assembled with a quencher-bearing other polymer 
(DNB–PEG–PBD); upon complete mixing of the two different polymers all the fluorescence intensity will 
be quenched (left), whereas polymer/polymer segregation only leads to partial quenching of the fluo-
rescein emission at the edges of the domains.
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with the electron-poor DNB. Fluorescein is 
a readily available, commonly used fluores-
cent probe that can be easily introduced via 
its isothiocyanate (FITC) derivative, while 
the quenching ability of DNB is an intrinsic, 
well-established property.[44] We decided to 
introduce FITC on the PAA-b-PBD polymers 
and quencher DNB on PEG-b-PBD. Since 
PAA-b-PBD 8 was already equipped with an 
amino-functionality, facile coupling of FITC 
could be realised by dissolving both com-
pounds in a mixture of DMF and dichloro-
methane (CH2Cl2) containing a few equiva-
lents of triethylamine (Et3N) (Scheme 7.3). 
After three days, the product Fl–PAA40-b-
PBD110 was purified from the unreacted FITC 
by precipitation in water. 
Because the reaction between 
1-fluoro-2,4-nitrobenzene and H2N-PEG-b-
PBD went unexpectedly sluggish (synthesis 
is not shown), the quencher moiety was first 
coupled to PEG before the block copolymer 
was prepared (Scheme 7.4). The commer-
cially available H2N-PEG35-N3 was reacted 
with 1-fluoro-2,4-nitrobenzene under dry 
conditions to yield DNB–PEG35-N3 10 in 64%. 
This compound was subsequently coupled 
to PBD110–acetylene under the influence of 
CuBr/PMDETA at elevated temperature and 
under argon atmosphere to prevent oxida-
tion of the active CuI species. After removal 
of the uncoupled PEG and PBD blocks by 
To ascertain our hypothesis of local en-
richment of PAA-b-PBD block copolymers 
in the more curved membrane segments of 
the stomatocytes discussed in section 7.2.3, 
a strategy based on fluorescence spectros-
copy was employed. Hereto, a fluorescent 
probe and its complementary quencher 
were separately conjugated to the water-
soluble fraction (PEG or PAA) of the two 
different types of block copolymer. Upon 
co-assembly of these block copolymers 
into one membrane, the signal of the fluo-
rophore will be extinguished when in close 
proximity to the quencher. But, when the 
two classes of polymers undergo phase 
separation, the fluorescence will only be 
partially quenched at the edge of the do-
mains where the fluorophore and quencher 
meet (Figure 7.5). The total fluorescence in-
tensity of a given concentration of polymer-
somes can subsequently be measured with 
fluorescence spectroscopy and the degree 
of polymer/polymer segregation can be de-
termined with respect to other vesicle sam-
ples.
A fluorophore and quencher couple 
that has proven their application in physi-
ological conditions is fluorescein and m-di-
nitrobenzene (DNB).[25] Effective attenuation 
of the fluorescence emission of fluoresce-
in is attributed by π-stacking of the elec-
tron-rich aromatic rings of the fluorophore 
Et3N, DMF,
CH2Cl2, 3 d
9     76%
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Scheme 7.3  |  Synthesis of Fl–PAA-b-PBD 9 by coupling FITC to H2N-PAA-b-PBD 8.
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outcome. 
Subsequently, an experiment was de-
signed in which the amount of DNB-dis-
playing block copolymers was varied in re-
lation to the fluorescein-bearing polymers, 
from 0 to 2 equivalents. Hypothetically, 
when 0% DNB–PEG–PBD is blended within 
the membrane, no decrease of fluorescein 
signal is expected. A stoichiometric ratio of 
DNB-to-fluorescein should, in case of spon-
taneous polymer/polymer separation, still 
result in significant fluorescence intensity 
as the fluorophores especially in the middle 
of the domains are not in close proximity to 
a quencher. This principle should then also 
adhere to the situation when an excess of 
DNB-to-FITC (2:1 ratio) is blended in.
Starting from four stock solutions of 
the polymers 2, 8, 9 or 11 in THF, vesicles 
were prepared with different compositions, 
all based on 15 mol% Fl–PAA–PBD with 10 
mol% PAA–PBD and in total 75 mol% PE-
Gylated PBD. The fluorescence signal at λem: 
514 nm of the polymersome sample without 
DNB–PEG-b-PBD was normalised at 100%. 
With respect to this signal, the batch with 15 
mol% DNB-PEG-PBD emitted a fluorescence 
intensity of 63% (Figure 7.6, spherical sym-
bols). Since the fluorescence of the sample 
preparative recycling SEC in chloroform, 
DNB–PEG35-b-PBD110  11 was obtained in a 
moderate 34%, which can be explained by 
the conjugation reaction being unfinished. 
In order to test our fluorophore/
quencher system, polymersomes consist-
ing of PEG–PBD:PAA–PBD in a ratio of 75:25 
mol% with 15 mol% of the PAA-polymers 
bearing a fluorescein and 15 mol% of the 
PEG-polymers a DNB (in absolute amounts) 
were prepared. Hereto, assembly was in-
duced both by fast precipitation of the or-
ganic polymer solution in water and by the 
more time consuming method in which wa-
ter was dripped to the fully dissolved poly-
mers. It was expected that the fluorescence 
intensity of the fast assembled, more hybrid 
constructs would be higher as result of less 
interaction between the fluorophore and 
the quencher. Fluorescence spectroscopy 
analysis (λex: 470 nm) of the two differently 
prepared batches indeed showed that the 
fast assembled aggregates emitted (λem: 
514 nm) only 73% of the emission intensity 
of the slowly prepared sample. Cryo-TEM 
studies confirmed that the observed differ-
ence in fluorescence intensity for the two 
preparation routes was not caused by FITC 
and/or DNB influencing the self-assembly 
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Scheme 7.4  |  Block copolymer DNB–PEG–PBD 11 was synthesised by “clicking” PBD 1 to DNB–PEG-N3, 
which was derived from a reaction between fluoro-DNB with H2N-PEG-N3. 
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did not diminish to minimum values similar 
to what is reported in literature,[25] this im-
plies the presence of PAA–PBD-rich patches 
within the polymersome membranes. This 
conclusion was strengthened by the fact 
that doubling the amount of DNB (30 mol% 
DNB–PEG–PBD) led to a decrease in fluo-
rescence signal of merely 10%, presumably 
due to quenching of more fluorescein mol-
ecules located at the edges of the domains 
by the higher concentration of DNB-expos-
ing polymers. Unfortunately, as the radius of 
action of DNB to quench the emission of flu-
orescein is unknown, our novel developed 
strategy does not give any information 
about the size of the domains.
The fluorophore/quencher system was 
further exploited by studying the behaviour 
of polymersomes composed of 10 mol% 
Fl–PAA–PBD with 15 mol% PAA–PBD and 
in total 75% PEGylated PBD. Here, 0, 0.5, 1 
or 2 equivalents of DNB–PEG–PBD relative 
to Fl–PAA–PBD were co-assembled. Once 
again, fluorescence spectroscopy traces of 
the four samples showed incomplete de-
crease of the emission till a minimum of 
62% for the 20 mol% DNB–PEG-b-PBD batch 
(Figure 7.6, square symbols). The results fur-
thermore demonstrate that the quenching 
phenomenon already reached its minimum 
plateau for a stoichiometric ratio of fluores-
cein-to-DNB. This observation can possibly 
be ascribed to the smaller number of fluo-
rophores at the edges of the PAA-PBD do-
mains for the 10 mol% Fl–PAA-b-PBD sam-
ple compared to the 15 mol% Fl–PAA-b-PBD 
batch; assuming that the Fl–PAA–PBD is 
statistically distributed over these patches, 
the 10 mol% Fl-bearing polymersomes also 
require less DNB to reach the maximum at-
tainable degree of fluorescence quenching. 
7.3  |  Conclusions
In this chapter, we report that co-assembly 
of the polyanionic PAA-b-PBD with neutral 
PEG-b-PBD within the same nano-sized pol-
ymersomes leads to shape changes as result 
of spontaneous polymer/polymer segrega-
tion. Evidence for this hypothesis came from 
both cryo-TEM analysis and fluorophore/
quencher experiments. PEG–PBD and PAA–
PBD were synthesised by coupling the hy-
drophilic blocks to PBD via Cu(I)-mediated 
cycloaddition to ensure similar hydropho-
bic block lengths. Hybrid vesicles self-as-
sembled from PAA–PBD:PEG–PBD with a 
molar ratio of 25:75 rearranged to adopt a 
stomatocyte-like morphology, presumably 
induced by curvature-driven phase separa-
tion between the hydrophilic segments. The 
strong repelling nature of the PAA-corona 
forming blocks demands a much higher 
Figure 7.6  |  Polymer/polymer separation in PEG–
PBD/PAA–PBD-based polymersomes was veri-
fied by determining the fluorescence intensity 
of two sequences of samples with varying ratios 
of quencher- to fluorophore-functionalised poly-
mers; Fl–PAA–PBD:PAA–PBD:PEG–PBD is 15:10:75 
mol% (spherical symbols) and 10:15:75 (square 
symbols) of which PEG–PBD stands for varying 
amounts of PEG–PBD and DNB–PEG–PBD. 
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nary self-assembly studies. Cryo-TEM stud-
ies were performed in the Keck Electron 
Microscopy laboratory at University of Dela-
ware under the supervision of D. Pochan, Y. 
Chen, F. Kriss and C. Ni.
7.5  |  Experimental section
7.5.1  |  Materials
Unless stated otherwise, all chemicals were used 
without further purification. Tetrahydrofuran 
(THF) was distilled under Ar atmosphere from 
sodium/benzophenone or dried by purging over 
an activated alumina column utilising an MBraun 
MB SPS800 system under nitrogen atmosphere; 
dichloromethane (CH2Cl2) and triethylamine 
(Et3N) were distilled under Ar atmosphere from 
CaH2. The MilliQ water used for self-assembly 
experiments and dialysis of polymersomes was 
double deionised with a Labconco Water Pro PS 
purification system (18.2 MΩ). tert-Butylacrylate 
was distilled before use and CuBr was purified by 
washing it with respectively glacial acetic acid, 
ethanol and diethylether, followed by drying in 
vacuo and storage in the dark under Ar atmo-
sphere. All other reagents and solvents were of 
the highest quality grade available and acquired 
from commercial sources. 
If no further details are given, reactions 
were carried out under ambient atmosphere and 
temperature. Purifications by silica gel column 
chromatography were carried out using Silicy-
cle silica gel (0.040-0.043 mm and ca. 6 nm pore 
size); column chromatography over alumina 
oxide was performed with Acros activated basic 
alumina oxide (0.060-0.200 mm). 
7.5.2  |  Instrumentation
Nuclear magnetic resonance (NMR) spectra 
were recorded on a Bruker DMC300 (75 MHz 
for 13C), a Varian Inova 400 (400 MHz for 1H) or 
a Bruker Avance III 500 (500 MHz for 1H, 125 MHz 
for 13C) spectrometer. 1H NMR chemical shifts 
(δ) are reported in parts per million (ppm) rela-
tive to a residual proton peak of the solvent; δ: 
7.26 for CDCl3, δ: 5.32 for CD2Cl2 and δ: 2.92 for 
membrane curvature than PEG, therefore 
we expect that the more curved sections of 
the stomatocyte structure were saturated 
with PAA-b-PBD amphiphiles. The hypoth-
esis of domain formation was confirmed by 
co-aggregation of fluorescein-functional-
ised PAA-b-PBD with fluorescence quench-
ing, dinitrobenzene-decorated PEG-b-PBD. 
It appeared that increasing the degree of 
DNB–PEG–PBD in relation to Fl–PAA–PBD 
was not sufficient to quench all fluorescence 
emission. The establishment of a plateau in 
fluorescence attenuation can be explained 
by isolation of fluorescein moieties from 
DNB groups within the centre of the PAA-
rich domains. 
In short, lateral migration of the amphi-
philes within the membrane was facilitated 
by the relatively fluid PBD core and driven 
by an unfavourable Flory–Huggins interac-
tion parameter between the corona chains. 
Given the potentially unlimited number of 
possible hybrid polymersome systems, the 
here reported polymer/polymer separation 
phenomenon can probably be induced in 
many more constructs. As domain forma-
tion is of fundamental importance for sev-
eral cellular processes, it is likely that con-
trol over the topology of nanometre-sized 
polymersomes is of biological relevance. 
In addition, by showing that cooperative 
assembly of different polymers can lead to 
the formation of interesting morphologies, 
we touched upon a fairly unknown line of 
research that can in the future eventuate in 
exciting new concepts.
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mg/mL) or trans,trans-1,4-diphenyl-1,3-butadiene 
(DPB, 50 µL of 20 mg/mL), silver trifluoroacetate 
(Ag·TFA, 50 µL of 5.0 mg/mL) and polymer (50 µL 
of 2.00 mg/mL) in THF. Spots of 0.3, 0.6 and 0.9 
µL were placed on the MALDI sample plate and 
air-dried before analysis.[45]
LCQ/MS analysis was performed with a Thermo 
scientific Advantage LCQ using linear ion-trap 
electrospray ionisation (ESI).
High resolution mass spectrometry (HRMS) 
analyses were performed on a JEOL AccuToF us-
ing ESI.
For the self-assembly of polymersomes via 
the thermodynamic method, a Harvard Appara-
tus PicoPlus syringe pump was used in combina-
tion with a 5 mL syringe equipped with a steel 
needle. The pump was calibrated to deliver water 
with a speed of 1.00 mL/h. 
Dynamic light scattering (DLS) measure-
ments were recorded on a Malvern Instrument 
Zetasizer Nano-S (ZEN 1600), equipped with a 
He-Ne laser (633 nm, 4 mW) and an Avalanche 
photodiode detector at an angle of 173°. The DLS 
data were processed and analysed with Disper-
sion Technology Software (Malvern Instruments).
For cryogenic transmission electron micros-
copy (cryo-TEM) analysis, the specimens were 
examined in a Tecnai 12 microscope, operated at 
120 kV using a Gatan cryo-holder system. A small 
droplet of the suspension (1.2 μL) was placed on 
a holey carbon film supported on a TEM copper 
grid. Following the preset procedure of the FEI 
Vitrobot vitrification system, the specimen was 
blotted (2 × 2 sec) and plunged into a liquid 
ethane reservoir cooled by liquid nitrogen. The 
vitrified samples were transferred to a Gatan 626 
cryo-holder using a cryo-transfer stage cooled by 
liquid nitrogen. During observation of the vitri-
fied samples, the cryo-holder temperature was 
maintained below -177 °C to prevent sublimation 
of vitreous water. The images were recorded dig-
itally by a Gatan low-dose CCD camera with the 
accompanying software package.
Fluorescence measurements were per-
formed on a PerkinElmer LS 55 luminescence 
spectrometer using a quartz cuvette (3.00 mm 
path length). The excitation wavelength (λex) was 
N,N-dimethylformamide-D7 (DMF-D7, (CD3)2N-
COD). Multiplicities are reported as s (singlet), d 
(doublet), dd (double doublet) t (triplet) and m 
(multiplet). Broad signals are indicated by the ad-
dition of br. Coupling constants are reported as J 
value in Hertz (Hz). The number of protons (n) for 
a given resonance is indicated as nH and is based 
on spectral integration values. 13C NMR chemical 
shifts (δ) are reported in ppm relative to a residu-
al carbon peak of the solvent; δ: 77.0 for CDCl3, δ: 
53.0 for CD2Cl2 and δ: 163.2 for (CD3)2NCOD. 
Fourier transform infrared spectroscopy 
(FT-IR) spectra were recorded on an ATI Matson 
Genesis Series FT-IR spectrometer fitted with an 
attenuated total reflectance (ATR) cell. The vibra-
tions (ν) are given in cm-1. 
Molecular weights of the block copolymers 
were measured on a Shimadzu size exclusion 
chromatograph equipped with a guard column, 
a Polymer Laboratories PLgel 5 µm mixed D column 
and differential refractive index (RI) and UV (λ: 
254 nm) detection. The system was eluted with 
THF (analysis grade) using a flow rate of 1.00 mL/
min at 35 °C. The calibration was performed with 
polystyrene (PS) standards ranging from 580 to 
377,400 g/mol or with poly(ethylene glycol) (PEG) 
standards ranging from 400 to 22,800 g/mol.
Product purification by preparative recy-
cling gel permeation chromatography (GPC) was 
performed on a Shodex GPC H-200.5 column (15 
µm, 500 × 20 mm) placed in series with a Sho-
dex GPC H-2002 column (15 µm, 500 × 20 mm). 
The system was run on CHCl3 (analytical grade) 
with a flow rate of 3.50 mL/min, maintained by 
a Shimadzu LC20AT pump, and equipped with a 
ultra-violet (UV) SPD-20A detector. After injec-
tion, the sample was circulated over the columns 
multiple times until a clear separation could be 
detected. Finally, the system was eluted and the 
products were collected using an automated 
CHF 122 SB fraction collector set at one tube per 
minute.
Matrix-assisted laser desorption/ionisation 
time-of-flight (MALDI-ToF) mass spectra were re-
corded on a Bruker Biflex III spectrometer. Samples 
were prepared by combining the solutions of the 
matrix trans-3-indoleacrylic acid (IAA, 50 µL of 20 
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143.7 (CH2CH of PBD side chain), 132.1-127.2, 112.6 
(CH2CH of PBD side chain), 40.8 (CHCH2 of PBD 
backbone), 38.7 (CHCH2 of PBD backbone), 37.4, 
35.6, 34.3, 32.8, 32.0, 30.2, 27.5, 25.0, 22.7, 13.9 (CH3) 
ppm; FT-IR νmax film: 3066, 2967, 2910, 2837, 1636, 
1415, 987, 906, 672 cm-1; SEC (THF): Mn/Mw = 1.05; 
MALDI-ToF MS (DPB): m/z = 5.8 kDa.
α-Methoxy–poly(ethylene glycol)44-ω-azide 
(2) 
MeO
O
N344
 
α-Methoxy–poly(ethylene glycol)44-ω-hydroxide 
(8.00 g, 4.00 mmol) was co-evaporated with tol-
uene (26 mL) using a rotary evaporator. The poly-
mer was dissolved in freshly distilled CH2Cl2 (35 
mL) and this solution was added to a flame-dried 
Schlenk tube under N2 atmosphere, equipped 
with a magnetic stirring bar. Freshly distilled Et3N 
(2.79 mL, 20.0 mmol) was added while stirring, 
followed by dropwise addition of methane sul-
fonyl chloride (MeSO2Cl, 1.54 mL, 20.0 mmol) via 
a syringe. The orange solution was stirred over-
night, whereupon it was diluted with CH2Cl2 (45 
mL) and extracted with aqueous NaCl (sat., 6 × 
35 mL). The organic phase was evaporated and 
the product was redissolved in N,N-dimethylfor-
mamide (DMF, 70 mL) and charged with sodium 
azide (NaN3, 0.79 g, 12 mmol). The reaction was 
left stirring overnight, whereupon it was con-
centrated in vacuo, redissolved in CH2Cl2 (350 mL) 
and washed with aqueous NaCl (sat., 3 × 100 mL). 
Finally, the pure product was isolated as a white 
solid after precipitation in cold diethylether (200 
mL), filtration and drying in vacuo (5.86 g, 73%). 
1H NMR (400 MHz, CDCl3) δ: 3.88-3.52 (br. s, 
PEG backbone), 3.39 (t, J = 5.3 Hz, 2H, CH2N3) 3.38 
(s, 3H, CH3O) ppm; 13C NMR (75 MHz, CDCl3) δ: 71.5, 
70.1 (PEG backbone), 58.6, 53.0, 50.2 ppm; FT-IR 
νmax film: 3417, 2872, 2327, 2098 (νN3), 1455, 1346, 
1256, 1104, 797 cm-1; SEC (THF): Mn = 2641 g/mol, 
Mn/Mw = 1.13; MALDI-ToF MS (IAA): m/z =2143 Da.
α-Methoxy–poly(ethylene gly-
col)44-b-1,2-polybutadiene110-ω-butane (3) 
MeO
O
N
44
N N
110
set at 470 nm and the emission wavelength (λem) 
ranged from 500 to 700 nm. The spectra were re-
corded using excitation and emission slits of 10 
nm and 10 nm, respectively. 
7.5.3  |  Synthetic procedures
α-Butyl–1,2-polybutadiene110-ω-acetylene (1) 
110
 
Literature procedure:[46] all glassware was exten-
sively cleaned, flushed with n-butyllithium (BuLi), 
rinsed again with water, evacuated, flame-dried 
and stored under N2 atmosphere. 1,3-Butadiene 
(3.4 g, 63 mmol) was condensed into a Schlenk 
tube under N2 atmosphere at -78 °C and charged 
with freshly distilled THF (5.0 mL). The solution 
was stirred and kept at -78 °C before BuLi (0.50 
mL, 0.80 mmol) was added. The deep orange 
reaction mixture was slowly warmed to approx-
imately -50 °C and a colour change to pale yel-
low could be observed after approximately 2 h. 
Right then, another portion of dry THF (5.0 mL) 
was added and the temperature was brought to 
-35 °C. 3-Bromo-1-(trimethylsilyl)-1-propyne (0.2 
mL, 2 mmol) was added via a syringe and the 
reaction mixture was allowed to warm to room 
temperature. After disappearance of the yellow 
colour, tetrabutylammonium fluoride in THF 
(TBAF, 1.0 M, 2.3 mL, 2.3 mmol) was added and 
the mixture was stirred overnight. The crude was 
concentrated by rotary evaporation and subse-
quently desalted by column chromatography 
over silica gel with CH2Cl2 (RF = 1.0 of product). 
The resulting substance was co-evaporated with 
toluene (2 × 50 mL) to obtain the product as a 
light yellow waxy solid (2.57 g, 58%; size exclusion 
chromatography (SEC) showed a double mass 
distribution of which the higher mass (25% of to-
tal amount) is an alternatively terminated com-
pound and not available for further use). 
1H NMR (400 MHz, CD2Cl2) δ: 5.65-5.16 (br. s, 
CH2CH of PBD side chain), 5.14-4.50 (br. s, CH2CH 
of PBD side chain), 2.24-1.74 (br. s, PBD back-
bone), 1.41-0.84 (br. s, PBD backbone) 0.80 (t, J = 
6.3 Hz, 3H, CH3) ppm; 13C NMR (75 MHz, CD2Cl2) δ: 
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°C before 2-bromoisobutyrylbromide (0.77 mL, 
6.6 mmol) was added in dropwise fashion with-
in 30 min. The reaction was left stirring at room 
temperature for 18 h. The precipitated Et3N salt 
was removed by filtration and the solution was 
concentrated under vacuum. The obtained white 
solid was redissolved in MeOH (10 mL) and pre-
cipitated into aqueous Na2CO3 solution (sat., 2 × 
300 mL). After removal of the solvent by filtration 
and drying of the precipitate overnight, the pure 
product was obtained as a white solid (1.14 g, 
59%). 
1H NMR (400 MHz, CDCl3) δ: 7.23 (s, 1H, OC(O)
NH), 4.84 (s, 1H, HN(O)C(CH3)2Br), 3.37 (br. s, 4H, 
NHCH2CH2NH), 1.95 (s, 6H, C(CH3)2), 1.45 (s, 9H, 
C(CH3)3) ppm; 13C NMR (75 MHz, CDCl3) δ: 172.8 
(HNC(O)(CH3)2Br), 156.8 (OC(O)NH), 79.9 (C(CH3)3), 
61.8 (BrC(CH3)2), 41.8 (OC(O)NHCH2CH2NH), 39.8 
(OC(O)NHCH2CH2NH), 32.3 (2C, (CH3)2Br), 28.4 (3C, 
C(CH3)2Br); FT-IR νmax film: 3339 (νNH), 2971, 1692 
(νC=O), 1653, 1528, 1165, 620 cm-1; HRMS (ESI+) m/z 
calcd for C11H21N2O3Br [M+H]+ 309.08138, found 
309.08152.
α-(2-(tert-Butyloxycarbonyl-ethylenedi-
amine)isobutyryl–poly(tert-butylacry-
late)40-ω-bromide (5) 
O
H
N
O
N
H
O
Br
OO OO
40
Modified literature procedure:[47] tert-butylac-
rylate (tBA, 6.0 mL, 41 mmol), 2-(tert-butyloxy-
carbonyl-ethylenediamine)isobutyrylbromide 
(4) (0.25 g, 0.81 mmol), CuBr (60 mg, 0.41 mmol), 
PMDETA (86 μL, 0.41 mmol) and anisole (1.5 mL) 
were mixed in a flame-dried Schlenk tube un-
der Ar atmosphere. The solution was stirred for 
5 min and subsequently degassed by five freeze-
pump-thaw cycles. The tube was transferred to a 
preheated oil bath at 60 °C and the reaction pro-
ceeded for 3 h while the conversion was moni-
tored using 1H NMR analysis. The polymerisation 
was quenched by removal of the septum and 
dilution with CHCl3 (60 mL). The reaction mix-
ture was washed with EDTA (65 mM, 3 × 50 mL), 
Modified literature procedure:[47] PBD–acetylene 
1 (2.2 g) and MeO-PEG-N3 2 (300 mg, 0.150 mmol) 
were dissolved together in freshly distilled THF 
(14 mL) in a flame-dried Schlenk tube under Ar 
atmosphere. The solution was degassed for 15 
min before copper bromide (CuBr, 6.1 mg, 42 
μmol) and N,N,N’,N”,N”-pentamethyldiethylene-
triamine (PMDETA, 8.8 μL, 42 μmol) in freshly dis-
tilled THF (1.0 mL) were added. The solution was 
degassed for an additional 15 min, subsequent-
ly warmed to 40 °C and kept stirring for 1 week. 
The conversion of the reaction was monitored 
using SEC analysis. For workup, the mixture was 
diluted with CH2Cl2 (40 mL) and extracted with 
ethylenediaminetetraacetic acid (EDTA, 65 mM, 
2 × 40 mL). The combined aqueous layers were 
washed with CH2Cl2 (40 mL), whereupon the or-
ganic layers were dried over Na2SO4 and evapo-
rated via rotary evaporation. The crude was pu-
rified by column chromatography over silica gel 
(CH2Cl2:MeOH, 10:0 to 9:1) to obtain the product 
as a light yellow fluid-like solid (438 mg, 39%). 
1H NMR (400 MHz, CDCl3) δ: 7.44 (s, 1H, 
NCHC), 5.67-5.19 (br. s, CH2CH of PBD side chains), 
5.04-4.80 (br. s of CH2CH of PBD side chain), 3.86 
(t, J = 5.4 Hz, 2H, CH2N3), 3.71-3.58 (br. s, PEG back-
bone), 3.38 (s, 3H, CH3O), 2.23-1.78 (br. s, PBD back-
bone), 1.48-0.95 (br. s, PBD backbone), 0.87 (t, J = 
7.3 Hz, 3H, CH2CH3) ppm; 13C NMR (75 MHz, CDCl3) 
δ: 142.7 (CH2CH of PBD side chain), 113.6 (CH2CH 
of PBD side chain), 70.1 (PEG backbone), 40.3 
(CHCH2 of PBD backbone), 38.0 (CHCH2 of PBD 
backbone) ppm; FT-IR νmax film: 3360, 3070, 2923, 
1636, 1411, 1069, 905 cm-1; SEC (THF): Mw/Mn = 1.07; 
MALDI-ToF MS (DPB): m/z = 8.5 kDa.
2-(tert-Butyloxycarbonyl-ethylenediamine)
isobutyrylbromide (4) 
O
H
N
O
N
H
O
Br
Modified literature procedure:[48] a flame-dried 
Schlenk tube under Ar atmosphere was charged 
with tert-butyloxycarbonyl-ethylenediamine 
(984 μL, 6.25 mmol) and freshly distilled THF 
(20 mL). While stirring, Et3N (0.91 mL, 6.6 mmol) 
was added and the solution was cooled to -78 
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side chain), 42.6-41.2 (CH of PtBA backbone), 37.4, 
36.1 (CH2 of PtBA backbone), 28.1 (C(CH3)3 of PtBA 
side chain) ppm; FT-IR νmax film: 3447, 2976, 2297, 
2111 (νN3), 1722, 1368, 1368, 1256, 1148, 845 cm-1; SEC 
(THF): Mw/Mn = 1.10; MALDI-ToF MS (DPB): m/z = 
4.9 kDa.
α-tert-Butyloxycarbonyl-ethylenediamine–
poly(tert-butylacrylate)40-b-1,2-polybutadi-
ene110-ω-butane (7) 
HN
N
H
O
N
OO OO
40 N N
110
OO
Modified literature procedure:[47] a flame-dried 
Schlenk tube under Ar atmosphere was loaded 
with PBD–acetylene 1 (1.10 g), BocNH-PtBA-N3 6 
(830 mg, 0.150 mmol) and freshly distilled THF (9 
mL). The solution was degassed for 15 min where-
upon CuBr (48 mg, 0.35 mmol) and PMDETA (70 
μL, 0.36 mmol) in freshly distilled THF (1.0 mL) 
were added. The solution was additionally de-
gassed for 15 min and placed in a preheated oil 
bath at 55 °C. The reaction mixture was stirred 
for 4 days and the conversion was monitored 
using SEC analysis. For workup, the solution was 
diluted with CH2Cl2 (40 mL) and extracted with 
aqueous EDTA (65 mM, 2 × 40 mL). The organic 
phase was dried over Na2SO4 and concentrated 
till dryness by rotary evaporation. The crude was 
not additionally purified before further use.
α - E t h y l e n e d i a m i n e – p o l y ( a c r y l i c 
acid)40-b-1,2-polybutadiene110-ω-butane (8) 
H2N N
H
O
N
40 N N
110
OOOO
H H
Modified literature procedure:[33] the crude H2N-
PAA–PBD 7  (1.42 g) was dissolved in CH2Cl2 (12.5 
mL) and trifluoroacetic acid (TFA, 12.5 mL) was 
added. Upon addition of MilliQ (1.25 mL), the 
clear and colourless mixture immediately 
changed to turbid yellow. The reaction was 
followed by extracting the aqueous layers with 
CHCl3 (50 mL). Finally, the combined organic lay-
ers were concentrated in vacuo and the polymer 
was precipitated three times from THF (10 mL) in 
ice-cold MeOH:H2O, 1:3 (300 mL) and kept in the 
freezer for 30 min before filtration. The product 
was lyophilised from dioxane and obtained as a 
white solid (1.92 g, 42%). 
1H NMR (400 MHz, CDCl3) δ: 6.47-6.27 (br. 
s, 1H, OC(O)NH), 5.31-5.09 (br. s, 1H, NHC(O)
C(CH3)2), 4.21-4.01 (m, 1H, CHBr), 3.46-3.13 (br. s, 
4H, NHCH2CH2NH), 2.22 (br. s, CH of PtBA back-
bone), 1.93-1.50 (br. s, CH2 of PtBA backbone), 1.44 
(s, C(CH3)3 of PtBA side chain), 1.13 (s, 6H, C(CH3)2) 
ppm; 13C NMR (75 MHz, CDCl3) δ: 174.0 (C(O)O of 
PtBA side chain), 80.3 (C(CH3)3 of PtBA side chain), 
42.4-41.3 (CH of PtBA backbone), 37.4, 35.8 (CH2 
of PtBA backbone), 28.1 (C(CH3)3 PtBA side chain) 
ppm; FT-IR νmax film: 3447, 2976, 1722 (νC=O), 1368, 
1251, 1143 (νCH), 841, 612 cm-1; SEC (THF): Mw/Mn = 
1.13; MALDI-ToF MS (DPB): m/z = 4.9 kDa.
α-tert-Butyloxycarbonyl-ethylenediamine–
poly(tert-butylacrylate)40-ω-azide (6) 
O
H
N
O
N
H
O
N3
OO OO
40
Compound 5 (1.7 g, 0.30 mmol) was dissolved in 
DMF (dried over mol. sieves, 65 mL) and NaN3 
(0.39 g, 6.0 mmol) was added to it. The reaction 
was stirred at 45 °C for 18 h. The DMF was removed 
by rotary evaporation and the crude product was 
redissolved in CH2Cl2 (50 mL) to remove the pre-
cipitating salt by filtration. Then, the product was 
precipitated twice from THF (10 mL) in ice cold 
MeOH:H2O (1:3, 300 mL) and kept in the freezer 
for half an hour before filtration. The product was 
obtained as a white solid (1.55 g, 91%). 
1H NMR (400 MHz, CDCl3) δ : 6.46-6.25 (br. s, 
1H, OC(O)NH), 5.31-5.11 (br. s, 1H, NHC(O)C(CH3)2), 
3.40-3.21 (br. s, 4H, NHCH2CH2NH), 2.23 (br. s, CH of 
PtBA backbone), 1.93- 1.50 (br. s, CH2 of PtBA back-
bone), 1.44 (s, C(CH3)3 of PtBA side chain), 1.14 (s, 
6H, C(CH3)2) ppm; 13C NMR (75 MHz, CDCl3) δ: 174.2 
(C(O)O of PtBA side chain), 80.4 (C(CH3)3 of PtBA 
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by centrifugation. This process was repeated un-
til the water phase was no longer coloured yel-
low, indicating that all the uncoupled FITC was 
removed. The pure product was obtained as a 
yellow solid (38 mg, 76%). 
1H NMR (500 MHz, ratio CDCl3:(CD3)2NCOD, 
2:1) δ: 7.17 (m, fluorescein), 7.03 (m, fluorescein), 
6.63 (m, fluorescein) 6.53 (m, fluorescein), 6.48 
(m, fluorescein), 5.6-5.3 (br. s, CH2CH of PBD side 
chain), 5.1-4.8 (br. s, CH2CH of PBD side chain), 
2.4 (br. s, CH of PAA backbone), 2.2 (br. s, CH2CH 
of PBD backbone), 1.2 (br. s, CH2CH of PBD back-
bone), 0.91 (s, 6H, C(CH3)2) ppm; FT-IR νmax film: 
3421, 3067, 2917, 2850, 1710 (νC=O), 1639, 1450, 1417, 
1168, 1047, 992, 907, 871, 672 cm-1; MALDI-ToF MS 
(DPB): m/z = 8.6 kDa.
α-2,4-Dinitrobenzene–poly(ethylene gly-
col)35- ω-azide (10)
N
H
O
NO2O2N
O
34
N3
A flame-dried Schlenk tube under Ar atmo-
sphere was loaded with α-amino–poly(ethylene 
glycol)35-ω-azide (25.0 mg, 15.4 µmol) in dried 
THF (3.0 mL). Et3N (21.2 µL, 154 µmol) was added 
and the mixture was stirred for 5 min. After the 
addition of 1-fluoro-2,4-dinitrobenzene (5.71 mg, 
30.7 µmol), the reaction was stirred at 40 °C for 
16 h. The precipitated Et3N salts were removed by 
filtration and the solution was concentrated till 
dryness. The crude was redissolved in CHCl3 (1.50 
mL) and purified by preparative recycle GPC to 
obtain the product as a dark yellow, wax-like sol-
id (18 mg, 64%). 
1H NMR (400 MHz, CDCl3) δ: 9.13 (d, J = 2.6 Hz, 
1H, C(NO2)CHC(NO2)), 8.79 (br. s, 1H, NH), 8.26 (dd, 
J = 9.5, 2.6 Hz, 1H, HNCCHCHC(NO2)), 6.95 (d, J = 
9.5 Hz, 1H, HNCCHCHC(NO2)), 3.82 (t, J = 5.2 Hz, 2H, 
HNCH2CH2O), 3.64 (br. s, PEG), 3.38 (t, J = 5.2 Hz, 2H, 
CH2CH2N3) ppm; 13C NMR (125 MHz, CDCl3) δ: 148.5 
(CHCNHCH2), 136.2 (HNCC(NO2)), 130.6 (CHC(NO2)
CH), 130.4 (HNCCHCHC(NO2)), 124.4 (C(NO2)
CHC(NO2)), 114.2 (HNCCHCHC(NO2)), 70.7 (PEG 
backbone), 68.7 (OCH2CH2N3), 50.8 (OCH2CH2N3), 
43.4 (HNCH2CH2O) ppm; FT-IR νmax film: 3550, 2867, 
stirred overnight before the crude product was 
dried by rotary evaporation. To remove the un-
coupled PBD, toluene (25 mL) was added and the 
sample was sonicated (5 min, 50 °C). The precipi-
tate was collected by centrifugation and MilliQ 
(35 mL) was subsequently added for the removal 
of uncoupled PAA. After sonification of the sam-
ple (5 min, 50 °C), the precipitate was collected by 
filtration and dried under vacuum. The pure 
product was obtained as a colourless clear 
semi-solid compound (532 mg, 40% over 2 steps). 
1H NMR (500 MHz, ratio CDCl3:(CD3)2NCOD, 
2:1) δ: 5.6-5.3 (br. s, CH2CH of PBD side chain), 
5.1-4.8 (br. s, CH2CH of PBD side chain), 2.4 (br. 
s, CH of PAA backbone), 2.2 (br. s, CH2CH of PBD 
backbone), 1.2 (br. s, CH2CH of PBD backbone), 
0.9 (s, 6H, C(CH3)2) ppm; 13C NMR (125 MHz, ratio 
CDCl3:(CD3)2NCOD, 2:1) δ: 175.4 (C(O)OH of PAA 
side chain), 142.2 (CH2CH of PBD side chain), 112.9 
(CH2CH of PBD side chains), 106.4, 105.1, 66.0, 40.0 
(CH of PBD backbone, CH of PAA backbone), 37.4 
(CH2CH of PAA backbone), 34.2 (CH2CH PBD back-
bone) ppm; FT-IR νmax film: 3480 (νNH), 3071, 2916, 
1712 (νC=O), 1417, 1177,1066, 1035, 908, 802, 674 cm-1. 
α-Fluorescein–poly(acrylic acid)40-b-1,2-poly-
butadiene110-ω-butane (9) 
O
N
40 N N
110
OOOO
H H
N
H
NH
OHO
COOH
O
HN
S
PAA-b-PBD 8 (50.0 mg, 5.56 µmol) was dissolved 
in a mixture of DMF:CH2Cl2 (1:1, 5.0 mL) and Et3N 
(50 µL) was added to it. Then, fluorescein 5-iso-
thiocyanate (FITC, 4.3 mg, 10.1 µmol) was added 
and the reaction was stirred at room tempera-
ture in the dark for 3 days. The organic solvents 
were removed by rotary evaporation whereupon 
water (5 mL) was added. The solid was sonicated 
(5 min, 55 °C) and the precipitate was collected 
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143.7 (CH2CH of PBD side chain), 132.1-127.2, 112.6 
(CH2CH of PBD side chain), 70.7 (PEG backbone), 
68.8 (OCH2CH2N3), 50.3 (OCH2CH2N3), 40.8 (CH2CH 
of PBD backbone), 38.7 (CH2CH of PBD backbone), 
32.9, 32.1, 30.3, 27.6, 25.1, 22.8, 14.3 (CH3) ppm; FT-IR 
νmax film: 3073, 2918, 1826, 1640, 1451, 1418, 1260, 
1104, 994, 909, 610 cm-1;  SEC (THF): Mw/Mn = 1.05; 
MALDI-ToF MS (DPB): m/z = 7.6 kDa.
7.5.4  |  Polymersome preparation procedures 
Self-assembly via kinetic (fast) method
The first step of the kinetic self-assembly proce-
dure usually comprised of soaking PAA-b-PBD 
(2.60 mg, 25 mol%) in DMF (40 µL) for 15 min. 
PEG-b-PBD (7.40 mg, 75 mol%) and the soaked 
PAA-b-PBD were dissolved in THF (1.00 mL) and 
the solution was allowed to stand for 30 min. 
The polymer solution was subsequently added 
to MilliQ (3.00 mL) in dropwise fashion over 2 
minutes. The turbid suspension was left stand-
ing without perturbation for 10 min, whereupon 
the organic solvents were removed by dialysis 
against MilliQ for 24 h. The ratio of PEG-b-PBD 
to PAA-b-PBD was varied depending on the re-
quired membrane composition of 100 mol% 
PEG-b-PBD (10 mg), 100 mol% PAA-b-PBD (10 
mg), 10:90 mol% (1.04 and 8.96 mg, respectively) 
or 50:50 mol% (4.88 and 5.12 mg, respectively). All 
resulting solutions were analysed by light scat-
tering techniques and cryo-TEM.
Self-assembly via thermodynamic (slow) 
method
Modified literature procedure:[35] a typical proce-
dure started with soaking PAA-b-PBD (2.60 mg, 
25 mol%) in DMF (10 µL) for 15 minutes to pro-
mote solubility in THF. Then, PEG-b-PBD (7.40 
mg, 75 mol%) and PAA-b-PBD were together 
dissolved in THF (1.00 mL) and this solution was 
stirred for 30 min. Self-assembly was induced 
by the addition of MilliQ (3.00 mL) via a syringe 
pump, equipped with a steel needle and set to 
deliver water at a rate of 1.00 mL/h, while stirring 
the solution vigorously. Finally, the polymersome 
dispersion was dialysed against MilliQ for 24 h to 
remove the organic solvents. Constructs com-
2100 (νN3), 1620, 1455, 1336, 1304, 1104, 611 cm-1; 
LRMS (ESI+) m/z calcd for C78H148N6O39Na [M+Na]+ 
1815.9, found 1815.8.
α-2,4-Dinitrobenzene–poly(ethylene gly-
col)35-b-1,2-polybutadiene110-ω-butane (11)
O
O
34
N
N N
110
NH
NO2O2N
Modified literature procedure:[47] PBD 1 (92 mg, 
31.2 µmol) and PEG 10 (14.0 mg, 7.81 µmol) were 
dissolved in deoxygenised THF (2 × 1.0 mL) in a 
Schlenk tube under Ar atmosphere. The stirring 
solution was bubbled through with Ar for 10 min 
and CuBr (6.73 mg, 46.9 µmol) and PMDETA (9.78 
µL, 46.9 µmol) in deoxygenised THF (1.0 mL) were 
added. The solution was degassed for an addi-
tional 10 min and transferred to a preheated oil 
bath set at 40 °C. After stirring for 24 h, addition-
al CuBr (6.73 mg, 46.9 µmol) and PMDETA (9.78 
µL, 46.9 µmol) in degassed THF (1.0 mL) were 
added to the reaction mixture. The progress of 
the reaction was monitored by SEC analysis and 
quenched after 48 h by removal of the septum. 
The solution was diluted with CH2Cl2 (25 mL) and 
subsequently extracted with aqueous EDTA (65 
mM, 2 × 25 mL). The combined water phases were 
once more washed with CH2Cl2 (25 mL), where-
upon the organic layers were dried over MgSO4 
and concentrated under vacuum. Uncoupled 
PBD was removed by column chromatography 
over silica gel (CH2Cl2:MeOH, 10:0 to 9:1). Finally, 
the product was purified from uncoupled PEG by 
preparative recycle GPC and obtained as a bright 
yellow sticky solid (20 mg, 34%). 
1H NMR (400 MHz, CDCl3) δ: 9.14 (d, J = 2.7 
Hz, 1H, C(NO2)CHC(NO2)), 8.80 (br. s, 1H, NH), 8.27 
(dd, J = 9.5, 2.7 Hz, 1H, HNCCHCHC(NO2)), 6.96 (d, 
J = 9.5 Hz, 1H, HNCCHCHC(NO2)), 5.65-5.18 (br. s, 
CH2CH of PBD side chain), 5.04-4.75 (br. s, CH2CH of 
PBD side chain), 4.50 (t, J = 5.1 Hz, 2H, OCH2CH2N3), 
3.83 (m, 4H, PEG backbone), 3.64 (br. s, PEG back-
bone), 2.24-1.74 (br. s, CH2CH of PBD backbone), 
1.41-0.84 (br. s, CH2CH of PBD backbone) 0.82 (t, J 
= 6.3 Hz, 3H, CH3) ppm; 13C NMR (75 MHz, CDCl3) δ: 
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factured in a microreactor, the production 
becomes continuous instead of the current 
batch-wise approaches. An automated and 
continuous process would concomitantly 
afford higher reproducibility and reduced 
manpower. Another aspect that further-
more has to be considered for large scale 
production of polymer vesicles is mem-
brane stability; either each institution that 
is going to apply polymersomes has to be 
able to produce the constructs themselves, 
or the nanomembranes must be relatively 
shelf-stable to withstand the time between 
production in a factory and use at the place 
of destination. 
The polymeric building blocks of poly-
mersomes are the deciding factor of many 
aspects, like method of self-assembly, 
membrane permeability, (in vivo) stabil-
ity, responsiveness and biocompatibility. 
Although recent advances in polymer syn-
thesis allowed the development of a wide 
range of possible block copolymers, there 
is still plenty of room for improvements. For 
instance, the preparation of polymers for 
a porous membrane whilst preserving the 
stability of the entire constructs remains an 
interesting challenge before polymersomes 
earnestly can be utilised as nanoreactor, 
and in the future as artificial organelle. For 
in vivo applications, one should furthermore 
consider the cytotoxicity of both the com-
plex as a whole and of the individual frac-
tions once (triggered) dissociation has set 
in. The often-used hydrophilic polymers 
poly(ethylene glycol) (PEG) and poly(2-
methacryloyloxy-ethyl phosphorylchloride) 
(PMPC) give the vesicles a stealth-like be-
II  |  Future directions
Polymersomes have proven their value re-
garding the encapsulation of hydrophilic, 
hydrophobic and amphiphilic materials, 
while the polymer-based bilayer supplies 
the constructs with tuneable stability and 
a platform for functionalisation. For these 
reasons, many researchers believe that pol-
ymeric vesicles will soon occupy an impor-
tant position in both biomedicine and in-
dustrial processes. Nonetheless, much effort 
is still required to gain more control over the 
manipulation of polymersomes. In the first 
part of this section, we will discuss several 
issues that require improvement before the 
field can move forward to real-world appli-
cations. The second part presents ideas for 
future research inspired on the studies pre-
sented in this thesis.
II.1  |  General future directions 
of the field
II.1.1  |  Design of polymersome membrane
Once polymersomes are going to be utilised 
in pharmaceutical applications and biotech-
nological processes, the production has to 
be scaled up to prepare grams to kilograms 
of material, preferably against reasonable 
costs. Currently, most of the popular self-
assembly methods, such as rehydration 
and the co-solvent technique, take several 
hours and deal with only a few milligrams 
of polymer at the time. More efficient and 
less time consuming preparation methods 
have to be developed in order to stand a 
chance against competing systems. For in-
stance, when polymersomes can be manu-
185
  |  Future directions
on the self-assembly mechanism that takes 
place; mechanism I results in acceptable to 
good loading, while mechanism II leads to 
virtually empty vesicles. At this moment, 
there is only little knowledge about which 
mechanism is preferred under what circum-
stances. It is therefore important that future 
research focuses on the loading efficiencies 
of different types of cargos in combination 
with various polymeric building blocks and 
self-assembly methods. 
For the encapsulation of biologically 
active components, self-assembly without 
the use of organic solvents is highly pre-
ferred. Methods such as rehydration and 
pH-switch are organic solvent-free, but 
these techniques are not particularly com-
mercially interesting and merely limited to 
specific classes of polymers. Therefore, more 
studies are required to e.g. improve the sol-
vent-free methods or develop ways to load 
biomaterials post-self-assembly. 
II.2  |  Future directions concern-
ing this thesis
With the research described in this the-
sis, we hope to contribute to the existing 
knowledge for the controlled preparation 
of polymersomes for applications ranging 
from nanoreactor to cellular delivery vehi-
cle. Yet, there is still plenty of room for im-
provements and additional studies in order 
to gain control over other vital facets.
Functionalisation of the outer mem-
brane of polymersomes is important to e.g. 
trigger efficient drug delivery in non-phago-
cytotic cells and in vivo diagnostics of spe-
cific tissue. In chapter 2, an in-depth study 
showed that relatively hydrophobic func-
tional groups are more effectively exposed 
haviour in the body, yet, are merely biocom-
patible and not biodegradable. There are a 
number of hydrophobic polymers, such as 
polycaprolactone (PLC) and poly(lactic acid) 
(PLA), that are both biocompatible and bio-
degradable, however, they already tend to 
(slowly) degrade  immediately after self-
assembly. Therefore, new smart systems are 
required that combine triggered disintegra-
tion, preferably upon a stimulus present in 
vivo, with low cytotoxicity. 
Polymersomes are an ideal platform for 
the introduction of functionalities. Prepara-
tion of tailored constructs can be achieved 
relatively effortless by a so-called mix-and-
match approach; different functional- or 
functionalisable polymers for specific ap-
plications can be cooperatively assembled 
into the same vesicle. To succeed in this, 
more knowledge is required about the 
phase separation behaviour of certain poly-
mers, actual surface exposure of moieties 
when using pre-self-assembly functional 
polymers, and effective ligation methods 
upon immobilisation of the functionalities 
on preformed membranes.
II.1.2  |  Exploitation of polymersome 
interior
For most (future) applications of polymer-
somes, like nanocontainers and nanoreac-
tors, encapsulation of hydrophilic materials 
in their lumen is essential.  To date, there are 
no clear general guidelines to obtain the 
highest possible loading as the efficiency 
is dependent on several factors: prepara-
tion method, polymeric building blocks 
and loading procedure. When the cargo 
is encapsulated during self-assembly, it is 
believed that the efficiency is dependent 
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search in order to reduce the amount of 
administered medicine and effectuate the 
interaction with the diseased tissue. Polym-
ersomes are thought of as highly prospec-
tive delivery vehicles since they attain many 
features that can be tailored for specific as-
signments. In chapter 5, we investigated the 
influence of polymersome morphology on 
the cellular uptake efficiency in vitro. As a 
follow-up study it would be very interesting 
to determine the biodistribution of the vari-
ous vesicular shapes.
Chapter 6 contains unfinished work 
concerning the positional difunctionalisa-
tion of the earlier mentioned polymersome 
stomatocytes. Once the route towards this 
goal has been figured out, these constructs 
could be highly interesting for application 
in theragnostics, where therapy and diag-
nostics are combined into one system. One 
can think of the immobilisation of a poten-
tially biological harmful or interfering imag-
ing agent in the cavity of the stomatocyte, 
while the environment-exposed part of the 
membrane can be functionalised with a tar-
geting agent. 
To date, the amount of studies that 
investigated (spontaneous) polymer/poly-
mer phase separation in polymer vesicles 
at the nanoscale is limited, mainly because 
it is far from straightforward to provide evi-
dence for this phenomenon. The research 
presented in chapter 7 demonstrates that 
co-assembly of a neutral block copolymer 
with an amphiphile that contains a strong-
ly repelling hydrophilic segment leads to 
stomatocyte-like morphologies. Given the 
potentially unlimited number of possible 
hybrid polymersomes, the here observed 
separation phenomenon can probably be 
induced in many more constructs. Addition-
on the surface membrane when introduced 
after self-assembly. However, the success 
of post-formation immobilisation is highly 
dependent on the efficiency of the selected 
conjugation method.  Therefore, additional 
knowledge about the effectiveness of the 
various ligation strategies on the surface of 
polymersomes should be pursued.
The functioning of nanoreactors is 
largely determined by the permeability of 
the polymeric bilayer. The system described 
in chapter 3 has been deployed in several 
studies, however, the actual origin of the 
porosity remains to be ambiguous. A better 
defined construct will lead to a increased 
reproducibility and more control over the 
membrane permeability. In addition, the 
requisite use of organic solvents during the 
self-assembly of the currently used poly-
mers is not ideal and should be avoided in 
a next system.
Chapter 4 reports an, until recently, un-
reclaimed concept dealing with the prepa-
ration of unusual polymersome morpholo-
gies. The introduction of organic solvents in 
a usually glassy membrane led to a plasti-
cised bilayer with the ability to respond to 
osmotic pressure differences. Thus far, this 
concept has only been verified with polysty-
rene-based polymersomes, but there are no 
reasons to believe that the phase behaviour 
of other – more biocompatible – polymer 
membranes cannot be manipulated as well. 
Furthermore, it would be greatly beneficial 
for potentially associated biomaterials to 
either get around or minimise the amount 
of organic solvents during the shape trans-
formation process, for instance by choosing 
other polymeric building blocks.
Cell-specific drug delivery is one of 
today’s hot topics in pharmaceutical re-
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ally, domain formation is of fundamental 
importance for various cellular processes, 
which makes it likely that control over the 
topology of nanometre-sized polymer-
somes through domain formation is of bio-
logical relevance.
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III.1  |  Control over functionality
Both the bilayered membrane as well as the 
aqueous compartment of polymeric vesi-
cles can be deployed to create functional 
constructs. To prepare polymersomes with 
a functional surface, the outer membrane 
of the vesicles has to be decorated with 
specified groups that are accessible for fur-
ther purposes. There are roughly two strate-
gies to introduce functional groups on the 
membrane surface; 1) cooperative assembly 
of end group modified polymeric amphiphi-
les, or 2) through immobilisation of the moi-
eties on preformed vesicles. An in-depth 
study was performed to determine which 
of the two strategies results in the highest 
degree of available functional groups. Three 
copper-free clickable probes – oxanorbor-
nadiene, bicyclononyne and dibenzoazacy-
clooctyne – were selected as model system, 
all differing in size, hydrophobicity and reac-
tivity towards azides. It was established that 
hydrophobicity of the functional groups is 
one of the determining factors in the co-
assembly approach; the more hydrophilic 
the probe, the higher the degree of surface 
exposure. To illustrate, the most hydropho-
bic dibenzoazacyclooctyne buried itself in 
the hydrophobic membrane segment dur-
ing self-assembly, thereby becoming una-
vailable for further purposes and concomi-
tantly disturbing the membrane packing. 
Post-self-assembly introduction led to good 
results for all three examined probes, yet 
surface saturation was observed above a 
certain percentage of immobilised probes. 
Additionally, it was demonstrated that the 
accessibility of functional entities was sig-
nificantly enhanced when the probes pro-
Nature is a major source of inspiration to 
many scientists working in multiple disci-
plines. During the past 3.6 billion years, evo-
lution provided nature with a vast amount 
of well-balanced materials and processes at 
the nanoscale that offer ideas for answers to 
current problems in the form of new mat-
ters and technologies. One of the ultimate 
goals in nano-biomimicry is the man-made 
creation of “living” cells. Such constructs are 
usually envisioned as a pool of biologically 
active components enclosed by a capsule. 
Polymersomes, bilayered vesicular mem-
branes of 100-1000 nm in diameter and 
composed of self-assembling amphiphilic 
block copolymers, are recognized as high-
ly potential candidates for providing the 
capsule of artificial cells; polymer vesicles 
exhibit superior chemical and physical sta-
bility due to their high-molecular weight 
building blocks, and the synthetic nature 
of the polymers affords increased tunability 
over properties like membrane thickness, 
permeability, fluidity and functionality. 
At this moment, actual fabrication of 
autonomously functioning and reproduc-
ing synthetic cells is still in the future, none-
theless, polymersomes can also be used as 
the foundation of numerous less far-fetched 
applications in pharmaceutical sciences 
and industry. Hereto, precise control is re-
quired over many aspects such as size, mor-
phology, membrane composition, porosity 
and surface functionality. The research de-
scribed in this thesis focuses on novel meth-
ods and strategies to gain additional control 
over in particular the functionality and mor-
phology of polymeric vesicles. 
III  |  Summary
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mation of e.g. spherical micelles, worm-like 
micelles or polymersomes. In this thesis, 
a whole new concept is presented to gain 
control over the vesicular shape which goes 
far beyond the scope of the earlier men-
tioned morphologies. 
It was discovered that when polym-
ersomes are self-assembled from building 
blocks with a glassy, high-molecular weight 
segment like polystyrene, the phase behav-
iour of this hydrophobic PS part could be 
manipulated from rubbery to glassy and 
back by gradual removal or introduction 
of organic solvent molecules, respectively. 
The plasticised membranes were able to un-
dergo shape transitions similar to the much 
more flexible lipid-based vesicles, called li-
posomes, upon applying an osmotic pres-
sure difference between the vesicular com-
partment and the surrounding medium. 
However, contrary to the transient liposome 
morphologies, the various polymersome 
morphologies could be preserved by a fast 
phase transition of the hydrophobic seg-
ment from solvent-swollen and flexible to 
solvent-poor and rigid. This led to both the 
controlled creation of exciting new polym-
ersome morphologies, as well as it provided 
interesting insights into the shape transfor-
mation trajectories. Among the obtained 
vesicular shapes, stomatocytes, hollow 
hemispherical domes, uniconcave disco-
cytes and oblates were observed.
The different polymersome morpholo-
gies were subsequently employed in cell 
experiments, as recent studies by other sci-
entists demonstrated a shape-dependence 
on the interaction with- and uptake of vari-
ous nano-objects by cells. Despite these re-
ports, only few studies are known in which 
the shape effect was investigated in com-
truded from the membrane corona by at-
tachment to a longer hydrophilic block.
Another approach to provide polymer-
somes with a function is by encapsulation 
of (biologically) active species inside the 
aqueous compartment. As the formation 
of a polymer membrane is usually driven 
by hydrophobic packing of the diblock co-
polymers, the resulting bilayer is typically 
impermeable. Nevertheless, self-assembly 
of the amphiphilic poly(3-(isocyano-L-ala-
nyl-amino-ethyl)-thiophene)-b-polystyrene 
(PIAT–PS) resulted in innately porous na-
no-constructs. It was demonstrated that 
these PIAT–PS-based self-assemblies can 
be deployed as cofactor regeneration re-
actors. The cofactor regenerative enzyme 
glucose-6-phosphate dehydrogenase was 
encapsulated inside the lumen, while a 
Baeyer–Villiger monooxygenase was pre-
sent in the surround aqueous medium. Up 
to quantitative substrate conversion was 
achieved when the concentration of the 
regeneration reactors was increased, which 
clearly indicated that diffusion of the sub-
strates and (regenerated) cofactor through 
the polymeric membrane ought to be the 
rate-determining factor in the enzymatic 
Baeyer–Villiger reaction. Unfortunately, spe-
cial positioning of the monooxygenase by 
covalent immobilisation on the surface of 
the regeneration nanoreactors afforded a 
less reactive system. 
III.2  |  Control over morphology
It is generally accepted that the morpholo-
gy of polymer self-assemblies depends on 
block copolymer design, where both the 
chemical composition and the individual 
block lengths are determining in the for-
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preserving the azides in the extra internal 
compartment. A two-dye fluorogenic assay 
and zeta potential measurements demon-
strated that an opening of 100-150 nm still 
permitted basically unlimited diffusion of 
the reducing agent, which led to randomly 
distributed NH2- and N3-functionalities upon 
an uncompleted reduction reaction. Posi-
tional difunctionalisation of stomatocytes 
with a virtually closed opening is under in-
vestigation to date.
Finally, a second method for the crea-
tion of unusual vesicle morphologies 
through spontaneous polymer/polymer 
phase separation is reported. Hereto, two 
diblock copolymers with different hydro-
philic coronas and similar hydrophobic 
blocks were cooperatively self-assembled 
into the same vesicular structure. As hydro-
phobic fraction, the fluid-like polybutadi-
ene (PBD) was selected, and as hydrophilic 
segments, the neutral poly(ethylene glycol) 
(PEG) and the multiply charged poly(acrylic 
acid) (PAA). Co-assembly of these two poly-
mers in specific ratios led to the formation 
of stomatocyte-like structures, which is hy-
pothesised to be originated by curvature-
driven phase separation between the hy-
drophilic corona-forming blocks; it is known 
that the strongly repelling nature of the 
PAA demands a much higher membrane 
curvature than the neutral PEG, therefore 
it was expected that the more curved sec-
tions of the stomatocyte morphology were 
enriched with PAA–PBD polymers.  This pos-
tulation of spontaneous domain formation 
was enhanced by a newly developed fluoro-
phore/quencher assay.
bination with actively triggered uptake by 
non-phagocytotic cells. Polymersomes are 
ideal candidates for mediated uptake as 
the membrane surface can be readily func-
tionalised with for instance cell-penetrating 
peptides (cpp). For our studies, fluorescent-
ly labelled spherical polymersomes with a 
surface-exposed handle for the immobilisa-
tion of a cpp were prepared via co-assem-
bly of the several polymers. The resulting 
vesicular nanomembranes were re-shaped 
into spheres, hemispherical domes, disks 
and oblates, and subsequently successfully 
decorated with uptake-mediating peptides. 
Preliminary cell-uptake experiments with 
HeLa cells indicate limited differences in 
the degree of adhesion and internalisation 
between the various Tat-functionalised 
morphologies. However, more studies are 
required to draw this conclusion with cer-
tainty.
Furthermore, work is described to-
wards the positional surface difunctionalisa-
tion of bowl-shaped vesicles with a mouth. 
The unique architecture of these so-called 
stomatocytes affords a template for specific 
functionalisation of the outer, environment 
exposed membrane, whilst the topology 
of the bilayer inside the extra inner cavity 
remains unaltered as the opening towards 
this chamber functions as an unbridgeable 
entrance gate to the reactive species. The 
fabrication of positional difunctional poly-
meric vesicles was pursued by fabrication 
of azido-displaying stomatocytes, starting 
from co-assembly of the required poly-
mers into spherical polymersomes. It was 
attempted to site-specifically reduce the 
azides on the accessible membrane parts 
of the stomatocytes into amines with a low-
molecular weight reducing agent, while 
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Hiervoor is het cruciaal om grote controle 
te hebben over vele aspecten van de poly-
meersomen zoals grootte, membraancom-
positie, poreusiteit, vorm (morfologie) en 
oppervlakte functionaliteit. Het onderzoek 
beschreven in dit proefschrift focust op 
nieuwe methodes en strategieën om meer 
controle te krijgen op in het specifiek de 
functionaliteit en morfologie van polyme-
ren nanocapsules.
IV.1 Controle over de functiona-
liteit
Zowel het dubbellaags membraan als het 
watercompartiment van polymeersomen 
kan worden gebruikt om de nanostructuren 
uit te rusten met een specifieke functiona-
liteit. Om polymeerassemblages te vervaar-
digen met een functioneel oppervlak, kan 
de buitenkant van het membraan worden 
gedecoreerd met specifieke moleculen 
die beschikbaar zijn voor verder gebruik. 
Er zijn ruwweg twee strategieën om deze 
functionele groepen op het membraan te 
introduceren; 1) coassemblage van vooraf 
gemodificeerde polymeren, of 2) door het 
vastzetten van de gewenste moleculen op 
vooraf gevormde nanodeeltjes. Een diep-
gaand onderzoek is uitgevoerd om te be-
palen welke van deze twee strategieën leidt 
tot het grootst aantal beschikbare functio-
nele groepen op het oppervlakte van poly-
meersomen. Hiervoor werden drie kopervrij 
“klikbare” moleculen – oxanorbornadieen, 
bicyclononyn en dibenzoazacyclooctyn 
– geselecteerd als een modelsysteem, al-
lemaal verschillend in moleculair gewicht, 
wateroplosbaarheid en reactiviteit ten 
opzichte van azides. Uit de onderzoeksre-
sultaten bleek dat de wateroplosbaarheid 
VI  |  Samenvatting
De natuur is een onuitputtelijke inspiratie-
bron voor veel wetenschappers uit diverse 
onderzoeksgebieden. Gedurende de afge-
lopen 3.6 miljard jaar zijn er op onze aarde 
een ontelbaar aantal verschillende soorten 
moleculen en chemische processen ont-
staan, die oplossingen kunnen bieden in 
de vorm van nieuwe materialen en tech-
nologieën voor hedendaagse problemen. 
Een van de ultieme doelen op het gebied 
van nano-biomimetica is het nabouwen 
van een “levende” cel. Zulke constructen 
worden meestal voorgesteld als een ver-
zameling biologisch actieve componenten 
omsloten door een capsule. Polymeerso-
men, holle bolvormige objecten met een 
doorsnede van 100-1000 nm en opgebouwd 
uit zelfassemblerende amfifiele blokcopoly-
meren, worden gezien als een belangrijke 
kandidaat voor het vormen van de capsule 
van deze artificiële cellen. Deze polymeren 
nanomembranen bevatten superieure che-
mische- en fysische stabiliteit doordat de 
bouwstenen een hoog moleculair gewicht 
hebben. Daarbij zorgt de synthetische aard 
van deze polymeren dat eigenschappen als 
membraandikte, doorlaatbaarheid, flexibili-
teit en oppervlakte functionaliteit eenvou-
digweg kunnen worden afgestemd voor de 
gewilde toepassing. 
Op dit moment is de daadwerkelijke 
fabricatie van zelfstandig functionerende- 
en  reproducerende synthetische cellen nog 
steeds toekomstmuziek. Desalniettemin 
kunnen de capsulevormende polymeer-
somen nu al ingezet worden voor diverse 
wat minder verreikende toepassingen, bij-
voorbeeld in de farmaceutische industrie. 
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oxygenase aanwezig was in de omgevende 
waterachtige oplossing. Middelmatige tot 
volledige substraatconversie werd bereikt 
afhankelijk van de concentratie van de re-
generatie reactors in de oplossing, wat 
erop duidde dat de diffusie van substraten 
en (geregenereerde) cofactor door het po-
lymeermembraan de snelheidsbepalende 
stap was in deze enzymatische Baeyer–Villi-
ger reactie. Helaas leverde specifieke positi-
onering van de mono-oxygenase – door het 
enzym covalent op het membraanopper-
vlak van de regeneratie nanoreactors te im-
mobiliseren – een minder reactief systeem 
op.
IV.2 Controle over de morfolo-
gie
Het is algemeen geaccepteerd dat de mor-
fologie van polymeer zelfassemblages af-
hangt van het ontwerp van de blokcopoly-
meren, waarbij de chemische compositie en 
de individuele bloklengtes determinerend 
zijn in de formatie van bijvoorbeeld sfe-
rische micellen, wormachtige micellen of 
polymeersomen. In dit proefschrift wordt 
een geheel nieuw concept gepresenteerd 
waarbij de controle over de assemblage-
vorm veel verder gaat dan het bereik zoals 
van de hierboven genoemde morfologieën. 
Ondekt werd dat als polymeersomen wor-
den geassembleerd van polymeerbouwste-
nen met een hoog moleculair, glasachtig 
segment zoals polystyreen, het fasegedrag 
van dit hydrofobe PS gedeelte kan wor-
den gemanipuleerd van rubberachtig tot 
glasachtig tot weer rubberachtig door het 
respectievelijk geleidelijk verwijderen of 
introduceren van organische oplosmid-
delmoleculen. Het was mogelijk om vorm-
van de functionele groepen een van de 
determinerende factoren is voor de coas-
semblage aanpak; hoe hydrofieler de groep, 
hoe hoger de mate van tentoonstelling op 
het oppervlakte. Ter illustratie, de slechtst 
wateroplosbare dibenzoazacyclooctyn be-
groef zichzelf in het hydrofobe deel van het 
polymeermembraan tijdens het zelfassem-
blage proces, waardoor het onbruikbaar 
werd voor verdere doeleinden en de nor-
maliter stabiele pakking van het membraan 
verstoorde. Post-zelfassemblage introduc-
tie leidde tot goede resultaten voor elk van 
de drie kopervrije “klikmoleculen”, al bleek 
dat het oppervlak verzadigd raakte boven 
een bepaald percentage geïmmobiliseerde 
groepen. Daarbij is er gedemonstreerd dat 
de bereikbaarheid van de functionele groe-
pen significant beter wordt als de molecu-
len uitsteken vanaf het opppervlaktemem-
braan door gebruik te maken van amfifiele 
polymeren met een langer wateroplosbare 
fractie.
Een andere aanpak om polymeerso-
men met een functie uit te rusten is door 
insluiting van (biologisch) actieve mate-
rialen in het watercompartiment. Omdat 
de formatie van een polymeermembraan 
meestal is gedreven door sterke hydrofobe 
interacties tussen de blokcopolymeren, is 
deze dubbellaagse wand meestal ondoor-
dringbaar. Echter, zelfassemblage van de 
amfifiele poly(3-(isocyano-L-alanyl-amino-
ethyl)-thiofeen-b-polystyreen (PIAT–PS) re-
sulteerde in poreuze nanostructuren. Deze 
PIAT–PS assemblages zijn vervolgens met 
succes ingezet om cofactor regeneratie re-
actors te fabriceren. Het cofactor regeneren-
de enzym glucose-6-fosfaat dehydrogenase 
was  ingesloten in het polymersoomcom-
partiment terwijl een Baeyer–Villiger mono-
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het membraanoppervlak dat beschikbaar 
was voor de immobilisering van cpp’s door 
coassemblage van verschillende polyme-
ren. De daaruit resulterende bolvormige 
nanomembranen werden hervormd tot 
halfsferische keppels, disks en oblaten, en 
vervolgens gedecoreerd met celopname 
bevorderende Tat-peptides. De eerste cel-
opname experimenten met HeLa cellen 
suggereerden slechts beperkte verschillen 
in de mate van adhesie en internalisering 
tussen de bestudeerde Tat-gefunctiona-
liseerde morfologieën. Desalniettemin is 
meer onderzoek nodig om deze conclusie 
met zekerheid uit te kunnen dragen.
Verder is er onderzoek gedaan naar 
het positioneel dubbel-functionaliseren 
van het membraanoppervlak van kom-
vormige nanodeeltjes met een versmalde 
opening. De unieke architectuur van deze 
zogenoemde stomatocieten biedt de mo-
gelijkheid tot specifiek de functionalisering 
van het omgevingtoegankelijke gedeelte 
van het membraan, terwijl de topologie van 
het membraandeel binnenin de extra holte 
onveranderd blijft aangezien de opening 
naar deze kamer werkt als een onneembare 
toegangspoort voor (reactieve) moleculen. 
De fabricatie van positioneel difunctionele 
polymeersomen was nagestreefd door het 
creëren van azido-gefunctionaliseerde sto-
matocieten, te beginnen bij de coassembla-
ge van de benodigde polymeren tot bolvor-
mige nano-objecten die vervolgens werden 
vervormd tot kommetjes. Er is geprobeerd 
om de azides op de buitenkant van de sto-
matocieten te reduceren tot amines met 
laagmoleculaire reductors, terwijl de azides 
in de extra holte werden behouden. Zowel 
een assay met twee fluorescente probes 
als zetapotentiaalmetingen lieten zien dat 
veranderingen te bewerkstelligen in de 
weekgemaakte membranen die in het ver-
leden alleen waren geobserveerd bij de veel 
flexibelere, natuurlijk voorkomende liposo-
men. De morfologietransformaties werden 
vervolgens bewerkstelligd door creatie 
van een osmotisch drukverschil tussen het 
interieur van de weke polymeersomen en 
de omgevende oplossing. In tegenstelling 
tot de vergankelijke, slecht preserveerbare 
liposoomvormen konden de polymeer-
soommorfologieën eenvoudig worden ge-
vangen door een snelle fasetransitie van 
het hydrofobe segment in het membraan 
van oplosmiddelgezwollen en flexibel naar 
oplosmiddelarm en stijf. Dit leidde tot zowel 
een nieuwe strategie om abnormale poly-
mersoomvormen te genereren als interes-
sante inzichten in natuurlijk voorkomende 
vormveranderingsprocessen. Onder de ver-
schillende polymersoomvormen zijn onder 
andere stomatocieten, holle halfsferische 
keppels, discocieten en oblaten geobser-
veerd.
De verschillende polymersoomvormen 
verder vervolgens gebruikt in celexperi-
menten aangezien recente studies door an-
dere wetenschappers demonstreerden dat 
de vorm van een nano-object belangrijk is 
in de interactie met- en opname door cel-
len. Ondanks deze rapporten zijn er slechts 
een handvol studies gedaan naar de in-
vloed van vorm op de actief getriggerde 
opname door niet-fagocytotische cellen. 
Polymeercapsules zijn de ideale kandidaat 
voor actieve celopname omdat het buiten-
ste membraan eenvoudigweg kan worden 
voorzien van bijvoorbeeld celpenetrerende 
peptides (cpp). Voor onze studies hebben 
we fluorescent gelabelde polymeersomen 
ontwikkeld met een chemisch handvat op 
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de reductors niet tot nauwelijks werden 
gehinderd om naar binnen te diffunderen 
door een opening van 100-150 nm. Gebruik-
making van deze specifieke stomatocieten 
leidde dus tot willekeurig gedistribueerde 
NH2- en N3-functionaliteiten op het moment 
de reductiereactie nog niet compleet is. De 
mogelijkheid om positionele difunctiona-
lisatie bij stomatocieten met een praktisch 
gesloten opening te realiseren wordt mo-
menteel onderzocht.
Ten slotte is een tweede methode voor 
de creatie van ongebruikelijke polymeer-
soomvormen gerapporteerd via spontane 
polymeer/polymeer ontmenging. Hiervoor 
werden twee blokcopolymeren met ver-
schillende hydrofiele segmenten en de-
zelfde hydrofobe staarten samen geassem-
bleerd in dezelfde vesiculaire structuren. 
Polybutadieen (PBD) was gekozen als 
hydrofobe polymeerfractie, en als hydrofiele 
groepen werden de neutrale poly(ethyleen 
glycol) (PEG) en de veelvuldig geladen po-
lyacrylzuur (PAA) geselecteerd. Coassem-
blage van deze twee polymeren in specifie-
ke moleculaire ratio leidde tot de formatie 
van stomatociet-achtige structuren, waarbij 
wordt vermoed dat dit fenomeen werd ge-
dreven door fasescheiding tussen de twee 
verschillende hydrofiele blokken; het is be-
kend dat het sterk zelfafstotende karakter 
van PAA een veel grotere membraankrom-
ming vereist dan de neutrale PEG. Hierdoor 
wordt verwacht dat de meer gekromde sec-
ties van de stomatocietmorfologie spontaan 
werden verreikt met grote hoeveelheden 
PAA–PBD. De hypothese van domeinforma-
tie werd versterkt door resultaten verkregen 
uit een nieuwe fluorofoor/quencher assay.
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opening your doors to me at University of 
Delaware, USA, and giving me the oppor-
tunity to learn more about your research 
and how to perform cryo-TEM analysis on 
nanoconstructs. Therewith, I would also like 
to thank Yingchao and the people from 
the Keck Electron Microscopy lab for their 
help and the great time I had.
Samenwerkingen met andere promo-
vendi en postdocs hebben ervoor gezorgd 
dat ik verder heb kunnen kijken dan mijn 
eigen vakgebied. Thanks to Ana I learned 
a lot about BVMO’s and cofactor regenerat-
ing enzymes. Thank you for working with 
me and making – after some initial strug-
gles – a success story out of the cofactor 
regeneration reactors. By some very lucky 
coincidence our ways crossed again in New-
ark a few years later. I will never forget all 
the good moments (Kildare’s, Dogfish IPA 
90, BBQ, Blue Hen, movie night, Brew Ha,Ha 
etc.!) we had there and I hope we will keep 
meeting each other.
Door Marjan heb ik het enzym CS2 
hydrolase van binnen en buiten leren ken-
nen. Helaas hebben de resultaten van dit 
onderzoek mijn proefschrift niet gehaald, 
toch kijk ik terug op onze samenwerking 
als een zeer nuttige en leerzame ervaring. 
Je bent een voorbeeld voor me geweest als 
het gaat om eindeloos lijkende hoeveelhe-
den geduld en interesse, en daarvoor wil ik 
je graag bedanken.
Furthermore, I would like to thank 
Morten for all the effort he put into our 
shape-dependent cell uptake project. Even 
after many many attempts, you still did 
not give up to feed your cells with my con-
structs. Therefore I would not only like to 
thank you for your scientific input, but also 
for your ongoing drive and enthusiasm to 
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Ongeacht het bestaande cliché dat weten-
schappers zich graag verschuilen in hun 
eenzame ivoren torens, doe je onderzoek 
nooit alleen. Er wordt voortgebouwd op 
ontdekkingen van anderen, samengewerkt 
met experts uit diverse vakgebieden, en 
dagelijks ideeën uitgewisseld met collega’s 
om weer een stapje dichter bij mooie re-
sultaten te komen. In mijn geval is dit niet 
anders geweest. Daarom neem ik graag 
hier de tijd om iedereen, waarbij een aantal 
mensen in het bijzonder, oprecht te bedan-
ken voor hun bijdragen aan dit proefschrift.
De eerste woorden van dank zijn voor 
mijn promotor. Jan, bedankt voor je inspi-
rerende en enthousiaste begeleiding de 
afgelopen vier jaar. Ik heb onze samenwer-
king altijd als zeer prettig ervaren, en ben je 
dankbaar voor het vertrouwen en de grote 
vrijheid die je me onaflatend hebt gegund. 
Hierdoor kreeg ik de kans mezelf op zowel 
professioneel als persoonlijk vlak te kunnen 
ontwikkelen, waar ik de rest van mijn leven 
profijt van ga hebben. 
When I started working on my PhD 
project, I had no clue about polymerisations 
and self-assembly processes. Thanks to KT 
Kim, I made a fast and smooth start. You 
never hesitated to help me out in the lab, 
answer my many questions and propose 
ideas for further research. Above all, I would 
like to sincerely thank you for your hospital-
ity during my visit to UNIST in Ulsan, South 
Korea. I wish you and your research group 
all the best for the future.
Another person I would like to ac-
knowledge for having me in his research 
group is Darrin Pochan. Thank you for 
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Liesbeth en Jelle wil ik bedanken voor de 
assistentie op het lab en bij het gebruik van 
diverse apparaten.
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maar het leven erbuiten ook! De ontelbare 
etentjes, feestjes, borrels en andere soci-
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bijzonder wil ik daarvoor graag bedanken: 
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Fieke, Jordy, Jorgen & Nicole, Marian, Ma-
riëlle & Jeroen, Marjoke & Michiel, Rik en 
Ruud & Stéphanie. 
Bovenstaande lijst bevat de namen van 
twee personen waarvan ik vereerd ben dat 
ze mijn paranimfen willen zijn. 
Allereerst Britta, ik had me geen betere 
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